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Preface

The EnergyPLAN model has been developed and expanded into the present version 15.1 in the period
since year 1999. Initially, the model was developed by Henrik Lund and implemented in an EXCEL
spreadsheet. Very soon, the model grew huge, and consequently, in 2001, the primary programming
of the model was transformed into visual basic (from version 3.0 to 4.4). At the same time, all the hour-
by-hour distribution data were transformed into external text files. Altogether, this reduced the size
of the model by a factor 30. This transformation was done in collaboration with Leif Tambjerg and
Ebbe Minster (PlanEnergi consultants).

During 2002, the model was re-programmed in Delphi Pascal into version 5.0. And during 2003, the
model was expanded into version 6.0. This transformation was implemented by Henrik Lund with the
help and assistance of Anders N. Andersen and Henning Mang (Energy and Environmental Data). In
version 6.0, the model was expanded with a possibility of calculating the influence of CO, emissions
and the share of renewable energy sources (RES) when the electricity supply is seen as a part of the
total energy system of a region. Further possibilities of analysing different trade options on the
external electricity market were added.

During the spring of 2005, the model was expanded into version 6.2 in a comparative study with the
H2RES model with a focus on energy system analysis of renewable islands. The comparative study was
done together with Neven Duic and Goran Krajaci¢ from University of Zagreb. As part of the work, two
new possibilities of storing/converting electricity storage facilities were added to the EnergyPLAN
model. The one is an electricity storage unit, which can be used for modelling, e.g., hydro storage or
battery storage. The other is electrolysers which are able to produce fuel (e.g. hydrogen) and heat for
district heating. Moreover, the facility of modelling V2Gs (Vehicle to grid) was implemented in
corporation with Willet Kempton from University of Delaware.

During the autumn of 2005 and the spring of 2006, the model was expanded further into version 6.6.
The main focus was to be able to model the energy systems of six European countries as part of the
EU project DESIRE. Consequently, the possibility of selecting more renewable units, nuclear power and
hydro power with water storage and reversible pump facilities was added to the system.

During the summer and autumn of 2006, the model was expanded further into version 7.0. New
components such as different transport options and different individual heating options were added.
A detailed model of Compressed Air Energy Storage (CAES) was implemented by the help of PhD
student Georges Salgi. Different options of waste utilisation were added and tested by the help of PhD
student Marie Minster. However, the primary achievement was to implement a new economic
simulation of the total energy system on the basis of the simulation of the business-economic marginal
production costs of each component in the system. An option to calculate total annual socio-economic
costs was also added. The new options were tested and applied to an Energy Plan 2030 for Denmark
by the help of PhD student Brian Vad Mathiesen. Diagrams of the expanded energy model were made
and implemented into the user interface with the assistance of Mette Reiche Sgrensen, Aalborg
University, who has also assisted in the writing of this documentation.

In the beginning of 2010, version 8 included new facilities of waste-to-energy technologies in
combination with geothermal and absorption heat pumps developed by the help of Poul @stergaard,
new facilities of Pump-Hydro-Energy-Storage helped by David Connolly together with a number of
small improvements initiated by Poul @stergaard and Brian Vad Mathiesen. Among others, it became
an option to store COST data alone.



The upgrading to version 9.0 by the end of 2010 was primarily the combined result of two research
projects, namely CEESA (Coherent Energy and Environmental System Analysis) partly financed by the
Danish Council for Strategic Research and EnergyTown Frederikshavn partly financed by the European
Regional Development Fond and Public Service Obligation funds from the Danish TSO Energinet.dk.

The major new development was the inclusion of various Biomass Conversion Technologies together
with the calculation of a balance of the gas grid including import/export and storage and regulation
strategies to minimise exchange. The gas grid may be natural gas with and/or without inclusion of
inputs from biogas and syngas. Additional to biomass-to-gas conversion technologies, version 9.0 also
included biomass-to-biofuel technologies, which are used for transport. The above-mentioned new
technologies were included as a result of the input from two work packages in CEESA with a focus on
transport and biomass in collaboration with Brian Vad Mathiesen and Davide Tonini.

Additional to the biomass conversion technologies, the model was expanded by new grid stabilisation
measures, i.e., the inclusion of V2Gs and transmission lines as part of the stabilisation options. Such
expansion was the result of input and analyses from a work package in CEESA with a special focus on
the development of future electric grid structures.

Moreover, a number of improvements were made, i.e.

e further improvements of the inclusion of Pump Hydro Storage Systems in collaboration with
David Connolly, Limerick University, Ireland.

e further improvements of V2G simulation options in collaboration with Nina Juul Andersen,
DTU-Ris@g, Denmark.

e further improvements of the inclusion of micro heat pumps in the integration of wind power
in collaboration with Carsten Hedegaard, DTU-Ris@, Denmark.

e further improvements in the inclusion of geothermal sources in combination with steam from
waste CHP plants in collaboration with Poul @stergaard (as a part of EnergyTown
Frederikshavn).

In version 10, the following changes were made to the model:

e A whole new tab sheet and section of synthetic gas and fuel was added, including the
hydrogenation of Biogas and Gasified biomass, as well as synthetic gas made out of carbon
recycling and Hydrogen from electrolysis.

e Cooling was improved by adding natural cooling and a graphic presentation

e The transportation tab sheet was restructured to better include electrofuels

Finally, in the development of both versions 9.0 and 10.0, | acknowledge the help of David Connolly,
Poul @stergaard and Brian Vad Mathiesen in providing valuable inputs and testing the improvements
during the development period.

In version 11, the following changes were made:
e The most significant improvement in this version was the new appearance. This includes a new
colour scheme, buttons, and graphics thanks to a huge effort by David Connolly and Iva Ridjan
Skov. As part of the facelift the homepage was completely redesigned by Maja Taghdissi Jani
Gierringe, Christina Jensen, Sgren Kristensen Gravesen and Jeppe Dejgaard Hansen under the
guidance of David Connolly and Brian Vad Mathiesen. The new website included a support
forum to help you with your questions.



e Next, the model could now facilitate additional help tools. These help tools were add-on
programs which aid the user when creating a model in EnergyPLAN. Three new help tools were
included in version 11:

o A “Distribution File Editor” tool in which one can load, change and save distribution
files as well as show them in diagrams of hour-by-hour and duration curves. These
graphs can be copied into your documentation when reporting your results.

o A “Compare Version” tool in which one can compare the results of a model from
different versions of EnergyPLAN. This help tool may assist when a new version is
released to identify any changes in previous models and calculations.

o A“Compare Input” tool in which one may compare different input data to identify any
differences. This tool was created and is maintained by Poul @stergaard.

e Finally a new technology was added to the model, which is a desalination unit. This was carried
out as part of the EU financed project JORIEW, with the valuable inputs of Tomislav Novosel
and from the rest of the participants.

The development of help tools is part of activities within the Strategic Research Centre for 4"
Generation District Heating Technologies and Systems (4DH) financed partly by the Danish Strategic
Research Council.

During the spring of 2014 and with assistance from Jakob Zinck Thellufssen the model was updated to
Version 11.4 with some new features relating to Carbon Capture, Nuclear, and Electric Boilers. The
most significant changes related to the methodology used to estimate the cost of individual heating
solutions.

e Old Method: In the previous version of EnergyPLAN, the cost of individual boilers was related
to the peak heat demand. Based on the annual heat demand and the corresponding hourly
distribution, the peak heat demand was obtained for each type of individual boiler (MWh4).
The price of individual boilers was then inputted in relation to capacity i.e. M€/ MWy,
However, this method underestimated the costs, since it did not represent the amount of
surplus capacity installed for individual boilers.

¢ New Method: In the new method, the cost of individual boilers was based on the number of
boilers. There was now a new input for the average heat demand per building (kWh/year).
Using the total annual heat demand per boiler type, EnergyPLAN now estimated the number
of different boilers by fuel (in 1000 units). The cost for individual boilers was then inputted as
M€/1000 units of boilers.

Please note that due to this change the cost calculation of previous input-data models will NOT come
to the same/right result in the new EnergyPLAN unless you correct these numbers in the
Cost/Investment input TabSheet.

In version 12, a number of major updates were made to the user-interface of EnergyPLAN, including:

e A new structure was implemented. In the past, EnergyPLAN was divided by 1) technical
‘Inputs’, 2) ‘Simulation’ strategy, 3) Costs, and 4) Outputs. However, many new technologies
and simulation options have been developed over the past 15 years, so a new structure was
implemented to improve the flow through the tool. The new structure encouraged the users
to: 1) Specify the ‘Demand’, 2) Design the ‘Supply’ to meet these demands, 3) Identify
‘Balancing & Storage’ options which would allow, 4) Input the ‘Costs’, 5) Pick a ‘Simulation’
strategy and 6) Investigate the results/‘Outputs’ from the model.

e There was also a new TreeView Navigation: In addition to the tab navigation that has always
existed in EnergyPLAN, there was now also a TreeView navigation. This appears on the left side
of the model. Both the TreeView and Tab navigation systems can be turned on or off. The
TreeView allows you to switch between different EnergyPLAN tabsheets faster than before.



The appearance was also updated. For example, EnergyPLAN now contained the same ‘ribbon’
layout as many Microsoft applications, along with a new dropdown menu: this is located on
the top-left of the model where you can click the EnergyPLAN/AAU logo to see the new
dropdown menu.

Due to these new menus, extra buttons were added. For example, there is now a ‘New’ button
to create a model from scratch, a new settings button so that the settings now appear as a
pop-up, and a range of new ‘Run’ buttons. Two new buttons with new features are the ‘Notes’
and ‘Show Hints’ buttons. The notes feature allows you to add notes about your model and
the ‘show hints’ checkbox allows you to get some help if you do not understand an EnergyPLAN
input.

The Investment tabsheet was expanded, so that new costs are now included. For example, the
cost of road vehicles was added and the number of additional cost inputs was doubled from
10 to 20.

There was also a new ‘Help Tool’ included with Version 12 called ‘Input Documentation’, which
was developed by Rasmus Lund. This new add-on interprets EnergyPLAN scenario-files and
presents all the relevant input data in a way that is easy to understand.

A short video about these updates is available here: https://c.deic.dk/p8ppfplsnnc/

The new interface was updated in the existing EnergyPLAN exercises and the support manuals by Jan-
Henrik Wunsch and Dominik Dominkovic under the guidance of David Connolly.

Version 13 was implemented in the spring and summer of 2017 and included the following
improvements:

Flexibility of Nuclear production within certain limitations was added

More details in the modelling of district cooling

Pumped Hydro Power and V2G could now be activated to reduce import as well as power plants
One could chose between whether V2G should be activated before or after Pumped Hydro

PP, CHP and Boilers could now request electro fuel inputs

The regulation of hydro power was improved to handle countries with very high hydro power

productions leading to high shares of net export.
CO2 hydrogenation was changed so that the electrolysers were better integrated with the other
electrolysers in the system.

| appreciate input and testing from
e the following participants in the PhD course in April 2017: Robert Fischer, Raquel Figueiredo,

Gauthier Limpens, Hrvoje Dorotic, Antun Pfeifer and Pedro Cabrera, and

e the Electro fuels and Heat Roadmap Europe teams: Brian Vad Mathiesen, lva Ridjan Skov,

Kenneth Hansen, Susana Paardekooper, David Connolly and Rasmus Lund.

Version 14 was implemented in the summer of 2018 and includes the following minor improvements
and changes:

Market economic simulation strategy has been changed slightly, so that the electric boilers
first operate according to their marginal cost and the electricity market price, and then
according to the CEEP regulations, if possible.

Heat storage can now use Heat Pumps to reduce not only CEEP but also export in general.
Excess heat can be stored in the solar heat storage (you have to activate a button)

Excess heat can also be stored in the other heat storage (but only if it helps reduce PP/Import
and CEEP/EEEP)

The print now also includes RES4-RES7 and sort all after type


https://c.deic.dk/p8ppfplsnnc/

e Option to specify year start and end values of the hydro power water storage has been added
so that one can model yearly variations in the water dam storage of big systems such as in
Norway.

e A small correction in RES prices in economic simulation when there is no bottleneck

e Fixed so CHP and HP do not overproduce and create an imbalance in the heat production under
market operation.

e An option of Zero price strategy added for operation of RES in market operation:

RES influence on system electroity prices

Zer bidding price [RES can stop]

Megative bidding price [RES cannat ztop]

Zero bidding price is the new operation where negative bidding price is the old interpretation of VRES
in market operation.

Moreover, in version 14 the Electrofuels tab sheet has been changed so that hydrogenation can be
used for both direct production of liquid electrofuels and green gas. Note: This means that minor
adjustments in the input in this tab sheet might be needed if wanting to use input-files from the
previous versions of EnergyPLAN.

In Version 14, the following new technologies have been added:

e Concentrated Solar Power (CSP) with a storage: It works in technical simulation to reduce
PP/import and KEOL/EEOL, i.e. to level out differences between electricity demands and RES
productions. In economical simulations it optimizes the profit of the CSP production.

e Rockbed (Hight Temperature Thermal storage): It consumes electricity to produce steam for
PP and CHP3 and thereby reduces fuel demands. It operates to reduce CEEP and EEEP

e Hydrogen for Industry

Finally, in the development of version 14.0, we acknowledge the help of Peter Sorknaes and Iva Ridjan
Skov in providing valuable input and testing the improvements during the development period as well
as the support from the following research projects: “Strategic Research Centre for

4th Generation District Heating Technologies and Systems (4DH)”, “RE-Invest - Renewable Energy
Investment Strategies - A two-dimensional interconnectivity approach”, “I-REMB — Innovative re-
making of markets and business models for a renewable energy system based upon wind power” and
“CITIES — Centre for IT-Intelligent Energy Systems in Cities” partly financed by Innovation fund Denmark
or the Elforsk program.

Version 15 was made during the spring of 2019 and includes the following changes mainly based on
requests and requirements of the RE-Invest, CITIES and I-REMB projects (see above), alongside the
project Coordinated Operation of Integrated Energy Systems (CORE) financed by EUDP:

Two additional options in the regulation have been added:
The first is an option to operate the thermal storage for district heating as a seasonal storage instead
of a weekly storage. Depending on the size of the storage, the user can choose between the two

options.

The next is a new option to make the model iterate its way to a solution of utilizing the electrolysors
and hydrogenation units better in the electricity balancing. In the previous versions, one could activate



CEEP strategy no. 8 to produce green gas out of available critical excess electricity production due to
available capacities in the electrolysors and the hydrogenation units. However, such extra production
would maybe lead to too much green gas in the balancing of the gas sector. This option is still available.
However, the model can now be asked to find a solution in which CEEP is lowered without increased
the resulting green gas production. Such solution is found by iteration and takes additional
computation time, but still typically less than a minute.

Further, in version 15 two additional technologies/components have been added:
The first is an extra electricity storage unit, so that one can include two. The second is production and
demand of ammonia, e.g. for fueling ships or similar transportation.

Finally, changes have been made in the market economic simulation. Previously, the setting of prices
on the external electricity market did not take into account the influence of the bottlenecks when
determining the prices. This has been changed in version 15, where it is possible to choose whether
bottlenecks should be taken into account.

Version 15.1 was made during the spring of 2020 and includes the following changes mainly based on
requests and requirements of the RE-Invest and CORE projects (see above), alongside the Sustainable
Energy Transitions Laboratory (SENTINEL) project, funded by the European Union's Horizon 2020
research and innovation programme under grant agreement No 837089.

- New feature to express an external request for the system to produce a certain import/export.
In this way, the EnergyPLAN model can quantify the system’s ability to provide balancing for
an external system. The purpose is to make it possible for one country/system to assist in the
balancing of another country/system, e.g. to use the flexibility of Norwegian hydropower to
balance a Swedish, Danish or European system.

- Expansion of the use of “Electricity storage” to include also PP2.

- Expansion of the option to specify electricity storage market operation strategies in terms of
adding a potential profit margin and choosing the number of hours for the prognosis. These
new options turned out to be relevant for very large electricity storage facilities.

- Rockbed storage now uses percent loss per hour instead of share loss per hour to facilitate
very small loss rates.

- The scenario and distribution files included when downloading the tool have been updated to
reflect the latest research. The previous files are still available by downloading one of the
previous versions.

Moreover, a few bugs have been detected and corrected related to V2G grid stabilisation, solar
thermal storage and desalination. Updates to the GUI have also been made to make sure units update
correctly and that TAB switches between spaces in the right order.

Version 16.0 was implemented and testen in the early spring of 2021 as part of the RE-Invest project,
funded by Innovation Fund Denmark, and the Sustainable Energy Transitions Laboratory (SENTINEL)
project, funded by the European Union's Horizon 2020 Research and Innovation Programme under
Grant Agreement no 837089. Version 16.0 includes the following features:

- Abetter algorithm to make use of the electrolysers to balance electricity

- Abetter algorithm to use the thermal storage

- An option to enter max and min prices on the external market in the case of bottlenecks
- Anoption to include HTL and Pyrolysis in the biomass conversion

- Anoption to calculate H2 grids and convert to a 100% H2 solution



- Anoption to include other emissions than CO,
- Anoption to include Biochar from Pyrolysis

Version 16.2 was implemented and testen in the early spring of 2022 as part of the RE-Invest project,
funded by Innovation Fund Denmark, and the Sustainable Energy Transitions Laboratory (SENTINEL)
project, funded by the European Union's Horizon 2020 Research and Innovation Programme under
Grant Agreement no 837089. Version 16.2 includes the following features:

Better algorithms to calculate solar thermal in cases of very big thermal storage capacities in
individual heating. These new facilities also address the situation in which the solar thermal
input exceeds the heating demand.

- Implementation of the option to make the production of ammonia flexible including both the
nitrogen capture as well as the use of the electrolyser. The facility also includes the calculation
of the use of an ammonia storage

- An option to define import and export of hydrogen based on time seria data.

- Correction/specification of the calculation of storage losses in Concentrated Solar Power (CSP).

- Fixed calculations with insufficient boiler capacity present in version 16.0 and 16.1.

- Changed so district heating from electrolysers are now calculated based on the electricity
capacity

- Changed so district heating from CO2 hydrogenation and ammonia production is now calculated
from the fuel produced and not electricity needed for N2/CO2 capture.

- Included button to go to the EnergyPLAN methodology paper

Version 16.3 was implemented in fall 2023 with release in January 2024. The work is funded as part of
the Innomission Green Fuels project Power to X and Sector coupling funded by Innovation Fund
Denmark. It includes the following major changes:
- Electricity storage nomenclature is now consistent throughout EnergyPLAN being named as
“Charge”, “Discharge” and “Storage”.
- CEEP regulation strategy 6 “Reduce RES3” has been removed, and instead “Reduce RES3” is
included as part of strategy 1.
- New CEEP regulation strategy 6 “Increase hydrogen export for export” allows the model to
increase hydrogen production from electrolysis in hours with available electrolysis capacity
and CEEP.

Version 17.0 was implemented in 2025 and early 2026 as part of the CCUS-INFRASTRUCTURES and
CARMA project, both funded by Innovation Fund Denmark. It includes the following features:
- Complete update of carbon capture utilisation and storage. This results in:
o A separate tab only for carbon capture. This models a joined infrastructure that is
shared between CCS and CCU.
o The new tabs leads to removal of the old CCS and carbon recycling tabs and fields.
- The input table for CO2 factors has been modified to add biogenic CO2 factors
- CEEP regulation strategy 8 “Increasing CO2 Hydrogenation during hours of CEEP” has been
removed, and instead “Increasing direct air capture if available capacity with maximum
capacity” is included
- New “CO2 source for CCU strategy” has been added in Simulation

Henrik Lund and Jakob Zinck Thellufsen, Aalborg University, April 2026
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Nomenclature

Variables are used for demands, productions, and efficiencies and similarly for various components,
such as electricity demands, boiler productions, etc. The demand and production unit specifications

are given as indexes to the demands and productions.

Annual demands and productions are written in capital letters such as Q and E. The hourly value is
written in small letters such as g and e, using the same alphabetic letters for the same demands. E.g.,
the capital letter D is used for annual electricity demands and the small letter d is used for hourly values
of electricity demands. Such notation is short for the relation that the sum of 8784 hours of d’s during

a year adds up to the value of capital D:

x=1

DE =
8784

2 dE (X)

Examples: DE, dFXDAy, hDHz,

Annual Demands Hourly demands

D Annual electricity Demand d hourly electricity demand

H Annual Heat demand h hourly heat demand

F Annual Fuel demand/consumpt. f hourly fuel demand

C Annual Cooling demand c hourly cooling demand
Index

E Electricity demand M-Coal Individual Coal boilers

EH Electricity heating demand M-Oil Individual Qil boilers

EC Electricity cooling demand M-Ngas Individual Natural gas boilers
EX Fixed Exchange electricity demand | M-Bio Individual Biomass boilers
FXDay Flexible demand (1 day) M-H2CHP Micro Hydrogen CHP
FXWeek Flexible demand (1 week) M-NgasCHP Micro Natural gas CHP
FX4Week | Flexible demand (4 weeks) M-BioCHP Micro Biomass CHP

DH1 District Heating group 1 M-HP Individual Heat Pump
DH2 District Heating group 2 M-EH Individual Electric heating
DH3 District Heating group 3 T Transport

Cool Cooling (electric grid) BEV Battery Electric Vehicle
Cooll Cooling in DH1 V2G Vehicle to Grid

Cool2 Cooling in DH2 w1 Waste in DH1

Cool3 Cooling in DH3 w2 Waste in DH2

| Industry w3 Waste in DH3

Vv Various

CSHP Industrial Combined Heat & Power
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Examples: Ccupz, enr2, Qs2, Hchpz, Oeica,

Annual Productions

Hourly productions

E Annual electricity production e hourly electricity production
Q Annual Heat production q hourly heat production
F Annual Fuel demand/consumption | f hourly fuel demand or produc.
w Annual Water supply to Hydro w hourly water supply

S hourly energy content in

storage

Capacities Efficiencies
C Capacity (Electric) v electric (=electric/fuel)
T Capacity (Thermal) P thermal (=heat/fuel)
S Capacity storage (Energy) ¢ COP (=heat/elec) for HPs

a fuel (=fuel/elec) for electrolyser
LOSS Loss from storage v waste/biomass to fluid biofuels
SHARE Share of e.g. DH with Solar n waste/biomass to solid biofuels
FAC Correction Factor (e.g. RES prod.) | T w./biom. to non energy prodct.
LIMIT Capacity limit of micro CHP etc. K gas to gas grid quality
Stab Grid stabilisation share A steam (steam/fuel)

Y Cold gas (gas/biomass)
Index Various factors
B1 Boiler in DH group 1 Hydro Hydro power
B2 Boiler in DH group 2 HydroPump | Reversible Hydro power
B3 Boiler in DH group 3 Nuclear Nuclear
CHP2 Combined Heat Powerin DHgr.2 | Geo Geothermal
CHP3 Combined Heat Power in DH gr.3 | Elc2 Electrolyser in DH group 2
HP2 Heat Pump in DH group 1 Elc3 Electrolyser in DH group 3
HP3 Heat Pump in DH group 2 ElcT Electrolyser for transport
PP Power plant (Condensing) ElcM Electrolyser for micro CHP
Solarl Solar thermal in DH group 1 Pump Electricity storage charging unit
Solar2 Solar thermal in DH group 2 Turbine Electricity stor. discharge unit
Solar3 Solar thermal in DH group 3 CAES Compressed Air Energy Storage
Resl Renewable Energy Source 1 Bio Biogas plant
Res2 Renewable Energy Source 2 GASI Gasification plant
Res3 Renewable Energy Source 3 BioDiesel Bio Diesel plant
Res4 Renewable Energy Source 4 BioPetrol Bio Petrol plant




Examples: Pcoawm, Pcoal-taxiy CO2coal,

Annual Demands and prices Hourly demands

P Average Annual price p hourly prices

A Annual Cost n lifetime

CO, CO; emissions i interest rate

Index

WM World Market Taxindv Fuel Taxes for individuals
HCen Handling Costs to central level Taxl Fuel Taxes for industry
HDec Handling Costs to decentralised TaxB Fuel Taxes for Boilers
Hindv Handling Costs to individual TaxCHP Fuel Taxes for CHP
HRoad Handling Costs to road transport TaxCAES Fuel Taxes for CAES

HAir Handling Costs to air transport VvOoC Variable Operational Costs
Unit Per unit prices FOC Fixed Operational Cost

16




1. Introduction

The EnergyPLAN model is a computer model for Energy Systems Analysis. The model has been
developed and expanded on a continuous basis since 1999. The analysis is carried out in hourly steps
for one year. And the consequences are analysed on the basis of different technical simulation
strategies as well as market-economic simulation strategies.

1.1. Purpose and application

The main purpose of the model is to assist the design of national energy planning strategies on the
basis of technical and economic analyses of the consequences of different national energy systems
and investments. However, the model has also been applied to the European level as well as to a local
level such as towns and/or municipalities. In the beginning, the model emphasised the analysis of
different operation strategies with a focus on the interaction between combined heat and power
production (CHP) and fluctuating renewable energy sources. Since then, the model has gradually
increased its focus on the synergies of including the whole energy system and, through the various
versions, the model has been expanded to include a wide range of technologies with a focus on
analysing the cross-sectoral interaction between the electricity, gas, district heating and cooling grids.

The model is an input/output model. General inputs are demands, renewable energy sources, energy
plant capacities, costs and a number of optional different simulation strategies emphasising
import/export and excess electricity production. Outputs are energy balances and resulting annual
productions, fuel consumption, import/exports and total costs including income from the exchange of
electricity.

The model can be used for different kinds of energy system analyses:

Technical analysis

Design and analysis of large and complex energy systems at the national level and under different
technical simulation strategies. In this analysis, input is a description of energy demands, production
capacities and efficiencies, and energy sources. Output consists of annual energy balances, fuel
consumptions and CO; emissions.

Market exchange analysis

Further analysis of trade and exchange on international electricity markets. In this case, the model
needs further input in order to identify the prices on the market and to determine the response of the
market prices to changes in import and export. Input is also needed in order to determine marginal
production costs of the individual electricity production units. The modelling is based on the
fundamental assumption that each plant optimises according to business-economic profits, including
any taxes and CO; emissions costs.

The Market economic simulation strategy is based on a short-term marginal price market model similar
to the NordPOOL market design, so it focuses solely on bids to the electricity market while minimizing
short-term electricity consumer costs and minimizing short-term district heating costs. As a result, this
simulation strategy only uses variable costs and does not optimise based on the long-term costs of
different energy supply technologies. Furthermore, it only optimises the supply side of the energy
system, and not the demand side (although the user can manually change the demand and analyse the
resulting impact of a market economic simulation). While mathematically it is possible using the price
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elasticity feature in EnergyPLAN to simulate 100% renewable energy scenarios using this current
market design, represented by the market economic simulation, this may not accurately represent
how future energy supply and demand markets should be designed. Today’s markets are primarily
designed for dispatchable plants, whereas 100% renewable energy systems will most likely depend on
very high levels of non-dispatchable renewable energy. Therefore, using the technical simulation
strategy is typically more accurate at simulating energy systems with very large penetrations of
intermittent renewable energy, which in combination with the cost data for the technologies, makes
it possible for the user to identify least cost solutions over their total lifetime.

Feasibility Studies

Calculation of feasibility in terms of total annual costs of the system under different designs and
simulation strategies. In such case, inputs such as investment costs and fixed operational and
maintenance costs have to be added together with lifetime periods and an interest rate. The model
determines the socio-economic consequences of the productions. The costs are divided into 1) fuel
costs, 2) variable operational costs, 3) investment costs, 4) fixed operational costs, 5) electricity
exchange costs and benefits, and 5) possible CO, payments.

1.2. Smart Energy Systems (www.SmartEnergySystem.eu)

The principle of the energy system of the EnergyPLAN model is shown in the diagram on the front

page. Basically, the input of the energy system consists of the following:

Energy demands (heat, electricity, transport, etc.)

Energy production units and resources (wind turbines, power plants, oil boilers, storage, etc.)
including energy conversion units such as electrolysers, biogas and gasification plants as well
as hydrogenation units.

Simulation (defining the simulation and operation of each plant and the system including
technical limitations such as transmission capacity, etc.)

Costs (Fuel costs, taxes, variable and fixed operational costs and investment costs)

Electricity
i el Balancing
conversion Rockbed
( N[ ! ( 3 ‘ PP | Steam| storage
Wind }--{ PV Hydro Industrial T
‘ JL ) ‘ Rieleg Power CHP N T
i o 1] [ River-off | ‘ o4F e <«—| Import/Export
Ve Hydro Geothermal Micro J
p= ;:' 5 - PP CHPs
‘ Tidal }--{ cspP +— V20
. - h
- ¥ ¥ A ¥ v F ¥ Electricity storage
Electricity l l 1 l 1 N PHES
h 4 N Battel
- - - % = - r " F \ g
Electro- efc.
Demand Electric heat Cooling = Heat pump ‘ BEV ‘
- . B AN S ! A A /
Flexible | l l . Biomass l l
demand conversion <+— CAES Fuel
Demand{l i ! /4 H, Heat Heat
consumption

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the

ELECTRICITY system including interactions with other parts of the whole system
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The design of EnergyPLAN emphasises the option of looking at the complete energy system as a whole.
E.g., the challenge of integrating fluctuating power from renewable energy sources into the electricity
grid by the use of smart grids should not be looked upon as an isolated issue, but should be seen as
one out of various means and challenges of approaching sustainable energy systems in general.
Therefore, EnergyPLAN is designed to be a tool in which, e.g., electricity smart grids can be coordinated
with the utilisation of renewable energy for other purposes than electricity production. In the tool,
renewable energy is converted into other forms of carriers than electricity, including heat, hydrogen,
synthetic gases and biofuels, as well as energy conservation and efficiency improvements, such as CHP
and improved efficiencies, e.g., in the form of fuel cells. All such measures have the potential for
replacing fossil fuels or improving the fuel efficiency of the system. The long-term relevant systems are
those in which such measures are combined with energy conservation and system efficiency
improvements. Consequently, the EnergyPLAN tool can be used for analyses which illustrate, e.g., why
electricity smart grids should be seen as part of overall smart energy systems.

District heating

Production/

conversion Electricity Balancing
Rockbed i t i i : i . i ) ) i
storage fr 3 { 3 { 0 I 3 Y
Solar Industrial R
Stﬂml HP thermal R———— Gasification Geothermal
‘ CHP ‘ / L -~ |~ \
Electric & Seasonal Electrolyser | Waste incineration
heating storage \ & CHP
| Absorption - Thermal
—l— storage

1 [

oy oy
Heat

| demand Biogas plant

Absorption

. o 2 - s

Demand/ l

consumption Cooling

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
DISTRICT HEATING system including interactions with other parts of the whole system. In the model,
district heating is divided into three separate systems: One meant for Boiler-alone systems; one meant
for small CHP systems, and one meant for large CHP and extraction plants.
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District cooling

Production/

" oOH Electricity Balancing
CONYEersion
k4
i
Natural cooling 1 Absorption ‘ ‘ Compression ‘
=
r L 4 ¥ MNone

-

k4

Demand/ Demand
consumption

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
DISTRICT COOLING system including interactions with other parts of the whole system.

As a consequence, the EnergyPLAN tool does not only calculate an hourly electricity balance, but also
hourly balances of district heating, cooling, hydrogen and natural gas, including contributions from
biogas, gasification as well as electrolysis and hydrogenation. The following diagrams present a view
of the production and conversion units involved in the balancing of the different grid structures.

i ™y

Hydrogen
o,
M,
Biogas
Electricity Syngas Electrofuels and biofusls

I

Heat 4—{ Electrolyser ‘ |Hydrogenatinn| ‘ Ml l

Pyrolysis
. o

” L. y
H. H. L J H. Hydrogen
Heat storage

Demand:
Industry, Transport,
Micro CHF, Boilers,

CHP and Power Plants

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
HYDROGEN system including interactions with other parts of the whole system.
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_— Biogas Gasification T—
Bioms ‘ Bioma Import/Export
Production/ ' T
conversion Hydrogenation ‘
Gas storage
§ . B G
‘ j=2=] ‘ CHP ‘ Industry Boiler Transport
) \ I J L
- .
Demand/ Micro CHP
consumption |

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the GAS
GRID system including interactions with other parts of the whole system.

Basically, the model distinguishes between technical simulation and market-economic simulation. In
the following, a list of energy demands is presented as well as an overview of all components in the
model together with a short description of how they are operated in the two different simulation
strategies. Also the main inputs of each component are listed.

1.3. Energy Systems Analysis in the EnergyPLAN model

The procedure of the energy system analysis is shown in the diagram. The calculations are based on
the small calculation described in chapter 4, which is made simultaneously with the typing of input
data in the input and cost tab sheets. Next step consists of some initial calculations, which do not
involve electricity balancing. Then, the procedure is divided into EITHER a technical OR a market-
economic simulation. The technical simulation minimises the import/export of electricity and seeks to
identify the least fuel-consuming solution. The market-economic simulation identifies the least-cost
solution on the basis of the business-economic costs of each production unit.
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Step 1 (Chapter 4):
Calculation from the input tab sheets

'

Step 2 (Chapter 5):
Initial calculations not involving electricity

' '

EITHER Step 3A (Chapter 6): OR Step 3B (Chapter 7):
Technical Market-Economic
Energy System Simulation Energy System Simulation
Step 4 (Chapter 8):

CEEP Regulation, Fuel, CO; and Cost calculations

Step 1: Calculation from the input tab sheets:

1.

oukWwN

8.
9.

Electricity demand is calculated as in input tab sheet section 4.1.1.1

Solar thermal as in section 4.2.4.1

RES1, ... RES4 as in section 4.2.3

Hydro Power input as in section 4.2.2.3

Nuclear Power or Geothermal as in section 4.2.2.2

Hourly distribution between cooling produced from natural cooling and/or district heating and
electricity as in section 4.1.3

Individual solar thermal, boilers, CHPs and heat pumps are calculated as in section 4.1.2 (If
electrolysers for hydrogen productions are not specified, then the model will identify a
minimum capacity and define an electrolyser)

Biofuels for transport and CHP/Boilers produced on waste as in section 4.2.6.1

Biogas, gasification and biofuel outputs as in section 4.2.7.1

10. Synthetic grid gas and biofuels as in section 4.2.7.4
11.Market prices of external market as in section 4.4.5

Step 2: Initial calculations not involving electricity balancing
1. Fixed import/export of electricity specified in the Electricity demand tab sheet (section 5.1).
2. District heating demands incl. heating demands from absorption cooling (section 5.2).
3. Industrial and Waste district heating and electricity productions (section 5.3).
4. Fixed Boiler production subtracted from the district heating demand (section 5.4).
5. Boiler production in district heating group 1 (section 5.5).

EITHER Step 3A: Technical Energy System Analysis
1. CHP, heat pumps and boilers in groups 2 and 3 (simulation 1) (section 6.2).
2. Flexible electricity demand (including dump charge BEV) (section 6.3).
3. CHP, heat pumps and boilers in groups 2 and 3 (simulation 2) If chosen (overrules production of

simulation 1) (section 6.4).
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4. Hydro power (section 6.5).

5. Individual CHP and heat pump systems (section 6.6).

6. Electrolyser for micro CHP, transport, hydrogenation and CHP and Boilers in DH group 2 and DH

group 3 (section 6.7).

7. Heat storage in groups 3 and 2 (section 6.8).

8. Transport (Smart charge and V2G) (section 6.9).

9. Electricity storage (section 6.10).
The calculation of condensing power and import/export including CEEP and EEEP (Critical and
Exportable Excess Electricity production) are calculated continuously more or less after each of the
sequences in the technical energy system analysis procedure (section 6.1).

OR Step 3B: Market-Economic Energy System Analysis
1. Net Import and resulting external market price as in section 7.1

. Market economic simulation as in section 7.2

. CHP3 minimum production as in section 7.3

. Boilers and solar thermal in district heating as in section 7.4

. Hydrogen and electricity demands for electrolysis for transport, micro CHP and hydrogenation
as in section 7.5

. Electricity consumption for heat pumps and electrolysers for hydrogen to CHP and boilers in
district heating groups 2 and 3 as in section 7.6

. Hydro Power as in section 7.7

. Electricity production from CHP and Power Plants as in section 7.8

. Electricity storage as in section 7.9

~N [¢)] u b WN

O

Step 4: CEEP Regulation, Fuel, CO; and Cost calculations

. Fixed boiler production is added to the boilers in groups 2 and 3 as in section 8.1
. Critical Excess Regulation as in section 8.2

. Grid stabilisation as in section 8.3

. Heat balances in district heating systems as in section 8.4

. Fuel consumptions as in section 8.5

. CO, emissions as in section 8.6

. Balancing of Gas Grid as in section 8.7

. Share of Renewable Energy as in section 8.8

. Cost as in section 8.9

OO NOOULLS WN B
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1.4. Energy Demands
Energy demands include the following:

Electricity demand divided into
1. Fixed demand (choice of 1 or 2 inputs)
2. Three types of flexible demands, and
3. Fixed import/export if any.

District heating demand divided into
2. District heating demand in systems without CHP (Boiler systems),
3. District heating demand in decentralised CHP systems and
4. District heating demand in centralised CHP systems (Typically extraction plants or similar).

Cooling demand divided into:
1. Cooling based on electricity supply (air conditioning etc.)
2. Cooling based on heat supply from district heating from the three DH groups mentioned above
(based on absorption technologies)
3. Contribution to district cooling from natural cooling

Heat demand in individual houses divided into
1. Coal, oil, natural gas and biomass boilers
2. Micro CHP on either hydrogen, natural gas or biomass
3. Electric heating or heat pumps

Industry divided into coal, oil, natural gas, hydrogen and biomass
Various divided into coal, oil, natural gas, hydrogen and biomass

Transport divided into
1. Jet fuel, diesel, petrol, natural gas and LPG
2. Biofuels, electrofuels and hydrogen (produced by other components in the system)
3. Electric transport including smart charge and V2Gs (Vehicle to Grid)

Industry, Various and Transport (except from electric transport) are defined by an annual demand,
while all other demands are defined by both an annual demand (TWh per year) and an hourly
distribution data set (name of data set from the data bank).

Additional to the demands above productions units mentioned below may add further to the demand
such as e.g. heat demands for biogas plants, electricity demands for large heat pumps etc. Such
demands are specified along with the definition of the production and conversion units as well as the
resulting operation identified in the energy system analysis carried out by the EnergyPLAN tool.
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1.5. Overview: Components and Simulation

Renewable Energy Sources

Photovoltaic
Wave power
River Hydro
Tidal and CSP
Solar Power

Grid stabilization share

Component Input Technical simulation Market-economic
simulation

Wind power Electric capacity and Are given priority in the Are given priority in the electricity

Offshore wind Hourly distribution electricity production production. Marginal production

costs are defined as zero.

Hydro power

Electric capacity

Efficiency

Storage capacity

Annual Water supply
Hourly distribution of water
Variable operational costs

First, best possible utilisation
of all water input given
limitations on capacities is
calculated and used as input.

Secondly, Hydro power is
relocated in the best possible
way to avoid excess electricity
production.

Identify highest possible
production given water input and
distribution, turbine capacity and
water storage capacity.

Sell such maximum production at
the highest possible market prices
to achieve the highest possible
income.

Reversible
Hydro Power

Same input as Hydro plus
Pump Capacity

Pump Efficiency

Pump variable opr. Costs

Same as Hydropower plus

In the end, the Pump is used
in order to avoid excess
electricity production and the
Turbine to avoid production
on condensing power plants.

Same as Hydro power plus

The hydro power pump and
turbine are used to optimise the
profit of the plant based on
marginal costs and losses in the
energy conversion

Geothermal
Power

Electric capacity
Efficiency

Hourly distribution
Variable operational costs

Is given priority in the
electricity production.

Produce whenever the electricity
price is higher than the variable
operational costs.

Solar thermal
in district heating
system

For each three DH groups:
Annual production

Hourly distribution

Heat storage capacity
Losses in heat storage

Is given priority in the district
heating supply.

Is given priority in the heat
production. Marginal production
costs are defined as zero.

Solar thermal in
individual houses

For each nine groups:
Annual production
Hourly distribution
Heat storage capacity

Is given priority in the heat
supply.

Is given priority in the heat
production. Marginal production
costs are defined as zero.

Concentrated
solar power (CSP)

Annual solar input
Storage capacity
Storage efficiency
Hourly distribution

Power capacity
Power efficiency
Stabilisation share

First, best possible utilisation
of all solar thermal input given
limitations on capacities is
calculated and used as input.

Secondly, CSP is relocated in
the best possible way to avoid
excess electricity production.

Note: In case of CEEP the CSP
production is lost

Identify highest possible
production given solar input and
distribution, power capacity and
solar storage capacity.

Sell such maximum production at
the highest possible market prices
to achieve the highest possible
income.

Note: In case of CEEP the CSP
production is lost
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Waste utilisation and conversion and industrial electricity and heat production for district heating

Component

Input

Technical simulation

Market-economic
simulation

Industrial CHP

Annual production and
Hourly distribution

Is given priority in the
electricity production

Is given priority in the electricity
production. Marginal production
costs are defined as zero.

Industrial waste
heat for district
heating

For each three DH groups:
Annual production and
Hourly distribution

Is given priority in the district
heating supply secondary to
solar thermal.

Is given priority in the heat
production secondary to solar
thermal. Marginal production costs
are defined as zero.

Hourly distribution
Plant efficiency (thermal)
Plant efficiency (electric)

Heat production is given
priority in the district heating
supply secondary to solar
thermal.

Waste For each three DH groups: Is given priority in the district Is given priority in the heat

incineration Annual waste input and heating supply secondary to production secondary to solar
Hourly distribution solar thermal. thermal. Marginal production costs
Plant efficiency (thermal) are defined as zero.

Waste CHP For each three DH groups: Electricity production is given Is given priority in both electricity

production Annual waste input and priority in the supply and heat production secondary to

solar thermal. Marginal production
costs are defined as zero.

Waste for biofuel

For each three DH groups:

Biofuel is utilised to replace

Biofuel is utilised to replace fuel in

Plant efficiency (biofuel)

for CHP and Annual waste input and fuel in relevant CHP units and | relevant CHP units and boilers.
boilers Hourly distribution boilers.

Plant efficiency (biofuel)
Waste for For each three DH groups: Biofuel is transferred as input Biofuel is transferred as input to
biofuels for Annual waste input and to the transport tab sheet. the transport tab sheet.
transport Hourly distribution

Natural Cooling

Component

Input

Technical simulation

Market-economic
simulation

Natural cooling

Annual potential
Hourly distribution

Is given priority in the cooling
production.

Is given priority in the cooling
production.

Nuclear power

Component

Input

Technical simulation

Market-economic
simulation

Nuclear Power

Electric capacity
Efficiency

Hourly distribution
Variable operational costs
Part load share

Is given priority in the
electricity production.

Can operate in part load as a
CEEP regulation strategy.

Produce whenever the electricity
price is higher than the variable
operational costs.
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Power plants, CHP units, heat pumps, electrolysers, heat storage and boilers for DH production

Electric capacity

COP (Co-efficiency of
performance.)

Variable operational costs

Are given priority after CHP
units to cover the heat demand.

Technical simulations 2

Are used in combination with
CHP units to cover the heat
demand and balance electricity
supply and demand.

Component Input Technical simulation Market-economic
simulation
Boilers For each three DH groups: | Are given last priority. If district | The marginal operational cost,
Thermal capacity heating cannot be supplied including fuel costs and taxes, is
Thermal efficiency from any other unit (Solar compared to relevant options
Variable operational costs | thermal, industrial waste heat, (such as CHP, heat pump and heat
Fuel specification CHP, heat pump or heat storage) and the business-
storage) then the boiler is used. | economically least-cost solution is
selected.
CHP units For DH groups 2 and 3: Technical simulations 1 The marginal operational cost
Electric capacity Are given priority after solar including fuel costs and taxes is
Thermal efficiency thermal and industrial waste compared to relevant options
Electric efficiency heat to cover the heat demand. | (such as boiler, heat pump,
Variable operational costs electrolysers and heat storage)
Fuel specification Technical simulations 2 and the business-economically
Are given priority after solar least-cost solution is selected.
thermal and industrial waste
heat to cover the heat demand
only when electricity
production is needed.
Heat Pumps For DH groups 2 and 3: Technical simulations 1 The marginal operational cost,

including fuel costs and taxes, is
compared to relevant options
(such as boiler, CHP, electrolysers
and heat storage) and the
business-economically least-cost
solution is selected.

Heat Storage

For DH groups 2 and 3:
Heat storage capacity

Identify and implement changes
in the use of CHP and heat
pumps which can decrease
excess electricity production
and production on condensing
power plants, and decrease
heat production on boilers.

The heat storage is used in order
to implement changes in CHP, heat
pump and boilers, which will lead
to better business-economic
profits.

Electric boiler

For DH groups 2 and 3:
Electric capacity

Technical simulations 2

Are used in combination with
CHP units to cover the heat
demand and balance electricity
supply and demand.

Only used as part of Critical Excess
Electricity regulation if specified in
the regulations strategy

Power plants

Electric capacity
Efficiency (electric)
Variable operational costs
Minimum capacity

Fuel specification

Are given priority after all other
electricity production units if
the demand is still higher than
the supply. (Or if production is
requested for reasons of grid
stability).

Produce whenever the electricity
price is higher than the variable
operational costs.

Individual house heating and micro CHP
Component Input Technical simulation Market-economic
simulation
Coal boilers Efficiency Are given priority after solar Are given priority after solar
Oil boilers Hourly distribution thermal. thermal.
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Ngas boilers
Biomass boilers

(Fuel consumption is
defined as demand)

H2 micro CHP
Ngas micro CHP
Biomass micro
CHP

Heat demand

Hourly distribution
capacity (in % of max heat)
(Reserve boiler with boiler
efficiency of natural gas or
biomass boilers is assumed)
Thermal efficiency

Electric efficiency

Variable operational costs
of both CHP and boilers
Heat storage capacity

Is given priority after solar
thermal and before boiler.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate CHP production with
the aim of decreasing excess
electricity production and the
quantity of condensing power
in the overall system.

The marginal cost, including fuel
costs and taxes of electricity
production on CHP, is compared to
boiler only production. CHP is
activated if the marginal cost is
below the market price.

Heat storage is used in order to
achieve best market prices of
electricity produced on CHP.

Heat pumps in
individual houses

Heat demand

Hourly distribution
capacity (in % of max heat)
(Reserve electric boiler is
assumed)

COP

Variable operational costs
of both heat pump and
electric heating

Heat storage

Are given priority after solar
thermal and before electric
boiler.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate heat pump
consumption with the aim of
decreasing excess electricity
production and the quantity
of condensing power in the
overall system.

The marginal cost of producing
heat on heat pumps including
taxes is compared to electric
heating and the least-cost option is
chosen.

Heat storage is used in order to
achieve lowest market prices of
the electricity consumed by heat
pumps.

Electric heating in
individual houses

Heat demand
Hourly distribution
Heat storage

Is given priority after solar
thermal.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate electric heating
consumption with the aim of
decreasing excess electricity
production and the quantity
of condensing power in the
overall system.

Heat storage is used in order to
achieve lowest market prices of
the electricity consumed by heat
pumps.

28




Transport

Hourly distribution
(additional input data for
electrolysers are needed,
see below)

(However, the
electrolyser is subject to
regulation)

Component Input Technical simulation | Market-economic
simulation

Airplanes on JP Are defined as fuel None None
demands.

Vehicles on petrol Are defined as fuel None None

Vehicles on diesel demands.

Vehicles on Ngas

Vehicles on LPG

Vehicles on biofuels

Vehicles on electrofuels

Vehicles (ships) on

ammonia

Vehicles on biofuels None None None

from waste conversion, (Are defined as fuel output

HTL and Pyrolysis from conversion of waste,
HTL and Pyrolysis)

Vehicles on Hydrogen Hydrogen fuel demand and None None

(However, the electrolyser is
subject to regulation)

BEV (Battery Electric
Vehicle). Dump charge

Electricity demand and
Hourly distribution

None

(Is included as a fixed
electricity demand
defined by the hourly
distribution.

None

(Is included as a fixed electricity
demand defined by the hourly
distribution.

BEV (Battery Electric
Vehicle). Smart charge

Electricity demand and
Hour distribution of
demand

Max share of parked cars
Share of cars connected
Efficiency of charge
Battery capacity

Capacity of grid to battery

Electricity charging is
used with the aim of
decreasing excess
electricity production and
the quantity of
condensing power in the
overall system.

Battery storage is used in order
to achieve lowest market prices
of the electricity consumed.

V2G (Vehicle to grid).

Same as BEV smart plus
Efficiency of discharge
Capacity of battery to grid

Electricity charging and
discharging is used with
the aim of decreasing
excess electricity
production and the
quantity of condensing
power in the overall
system.

Battery storage is used in order
to achieve lowest market prices
of the electricity consumed and
to optimise profits from selling

and buying electricity.
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Electrolysers and electricity storage systems

Component

Input

Technical simulation

Market-economic
simulation

Electrolysers

Capacity (electric)
Efficiency
Storage capacity

(Demand is defined by
hydrogen for
transport, industry
micro CHP as well as
various demands for
electrofuels)

Hydrogen production is
determined by hydrogen demand
for transport, industry, micro CHP
and electrofuels etc.

Hydrogen storage is used in order
to relocate electricity consumption
with the aim of decreasing excess
electricity production and the
quantity of condensing power in
the overall system.

Hydrogen production is
determined by hydrogen
demand for transport,
industry, micro CHP and for
electrofuels etc.

Hydrogen storage is used in
order to achieve lowest
market prices of the
electricity consumed by
electrolysers.

Battery storage
Hydro pump storage
Hydrogen FC storage

Capacity (charge)
Efficiency (charge)
Capacity (discharge)
Efficiency (discharge)
Variable operational
costs of both charge
and discharge

Charge in case of excess electricity
production (and export if
specified)

Discharge in case of condensing
power production.

Make sure that the storage
content is the same at the
beginning and at the end of the
year.

The charging and discharging
is used in order to optimise
the profit of the plant based
on marginal costs and losses
in the energy conversion

CAES
(Compressed Air
Energy Storage)

Same as battery
storage plus
Fuel-ratio (defined as
fuel input / electric
output)

Load in case of excess electricity
production (and export if
specified)

Unload in case of condensing
power production.

Make sure that the storage
content is the same at the
beginning and at the end of the
year.

Optimise the profit of the
plant based on marginal costs
and losses in the energy
conversion

High temperature
electricity storage
(Rockbed Storage)

Charge capacity
(electric)
Discharge capacity
(steam)

Storage capacity

Storage loss rate (share
per hour)

Share of PP1/CHP3
connected to storage
Steam/fuel ratio

Charge in case of excess electricity
production (and export if
specified)

Discharge in case of condensing
power or CHP3 production on
units with high temperature
storage.

Make sure that the storage
content is the same at the
beginning and at the end of the
year.

Not yet implemented in
market-economic simulation
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Biomass Conversion Technologies

production and hourly
distribution

Annual heat and
electricity demands
Annual inputs of wet
and solid biomass
Biogas-to-GasGrid
efficiency

Output (solid biomass)
to Pyrolysis

system demand

Heat demands are added to
demand in relevant DH groups
Biogas is subtracted in Ngas
consumption resulting in changes
in import/export

Output to Pyrolysis is added as
input to Pyrolysis

Component Input Technical simulation Market-economic
simulation
Biogas Plant Annual Biogas Electricity demand is added to the | Same as technical simulation

Gasification Plant

Annual Biomass input
Relative biomass for
steam demand and
electricity demand
Relative heat output
Max Capacity
Syngas-to-GasGrid
efficiency

Electricity demand is added to the
system demand

Heat productions are subtracted
heat demand in relevant DH
groups

Syngas is subtracted in Ngas
consumption resulting in changes
in import/export. Max Capacity is
used to minimise exchange of gas
via gas grid.

Same as technical simulation

BioDiesel Plant

Annual BioDiesel
output

Relative electricity
demand
DryBiomass-to-
BioDiesel efficiency
DryBiomass-to-Biomass

Electricity demand is added to the
system demand

BioDiesel is transferred to the
Transportation Tab Sheet
(demand)

Biomass output is subtracted in
biomass fuel for power plants, etc.

Same as technical simulation

Relative biomass for
steam demand and
electricity demand
Biomass-to-BioPetrol
efficiency
Biomass-to-Food
efficiency

Per unit value of food
by-product

Relative heat output

Heat productions are subtracted
heat demand in relevant DH group
BioPetrol is transferred to the
Transportation Tab Sheet
(demand)

Food by-product is subtracted in
biomass fuel for power plants, etc.
Value of food by-product is
included in fuel cost calculation

efficiency
BioPetrol Plant Annual BioPetrol Electricity demand is added to the | Same as technical simulation
output system demand

BioJP Plant
(Jet Petrol)

Annual JP output
Relative biomass for
steam demand and
electricity demand
Biomass-to-BioJP
efficiency
Biomass-to-Food
efficiency

Per unit value of food
by-product

Relative heat output

Electricity demand is added to the
system demand

Heat productions are subtracted
heat demand in relevant DH group
BioJP is transferred to the
Transportation Tab Sheet
(demand)

Food by-product is subtracted in
biomass fuel for power plants, etc.
Value of food by-product is
included in fuel cost calculation

Same as technical simulation

HTL (Hydrothermal
Liquifaction)

Annual inputs of
biomass and waste

Annual biofuel outputs are
transferred as input to cover
transport demands

Same as technical simulation
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Efficiency (H2/biomass
input) to define
Hydrogen input
Efficiencies to define
the following outputs:

- Jet petrol

- Bio Diesel

- Methanol

- Bio Petrol

- Syngas

- DH

- Slurry to biogas

District heating output are used as
excess inputin DH gr. 3

Slurry output is used as input to
biogass production

Pyrolysis

Annual inputs of
biomass and waste
(additional input from
biogas is defined in
Biogas inputs)
Efficiencies to define
the following outputs:

- Jet petrol

- Bio Diesel

Biochar output is
defined by 1)
Biochar/bio input, and
2) CO2 ekvivalent per
biochar

Annual biofuel outputs are
transferred as input to cover
transport demands

District heating output are used as
excess input in DH gr. 3

Slurry output is used as input to
biogass production

Same as technical simulation
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Synthetic Gas and Liquid Fuel Production Plants

liquid fuel demand

Hydrogen ratio and CO2
ratio.

Sequestration efficiencies
(Elec./CO; and
CO,/syngas)

Relative heat output

Max Capacity

in which it tries to minimise the
critical excess electricity
production of the whole system as
well as the production on power-
alone plants.

If activating CEEP reduction
strategy 8, the excess electricity
produced is used for the
production of additional synthetic
gas when the plant has available
capacity

Component Input Technical simulation Market-economic
simulation
CO; Hydrogenation Annual Synthetic Grid gas | The plant produces the specified Same as technical
production and/or annual | amount of synthetic gas in a way simulation

Ammonia production

Annual ammonia
production

Hydrogen ratio and
nitrogen ratio

Sequestration efficiencies
(Elec./N2 and

N2/ammonia)

Relative heat output

The plant produces the specified
amount of ammonia in a way in
which it tries to minimise the
critical excess electricity
production of the whole system as
well as the production at power-
alone plants.

Same as technical
simulation

Biomass
hydrogenation

Annual Synthetic Grid gas
production and/or annual
liquid fuel demand

Efficiency (From
gasification and Hydrogen
to Synthetic gas)
Hydrogen share

Max Capacity

The plant produces the specified
amount of synthetic gas as base
load.

Hydrogen is being used to
minimise the excess electricity
production of the system given
the limitations in capacities of
electrolysers and hydrogen
storage used as part of the
electrolysers for transport.

Same as technical
simulation

Biogas hydrogenation

Annual Synthetic Grid gas
production and/or annual
liquid fuel demand

Efficiency (From biogas
and Hydrogen to
Synthetic gas)
Hydrogen share

Max Capacity

The plant produces the specified
amount of synthetic gas as base
load.

Hydrogen is being used to
minimise the excess electricity
production of the system given
the limitations in capacities of
electrolysers and hydrogen
storage used as part of the
electrolysers for transport.

Same as technical
simulation

Liquid Electrofuel
Synthesis

Annual production of jet
petrol, methanol and
DME

Efficiencies (additional
conversion efficiency not
accounted before)

Production of electrofuels
(methanol, DME and jet petrol) is
transferred to the transport tab
sheet.

The production for liquid
electrofuels is subtracted from
transport electrofuel demand

Same as technical
simulation
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CO2 Capture and Storage Technologies

Component

Input

Technical simulation

Market-economic
simulation

Point source carbon
capture in Power and
Heat Generation
units, Including

PP1, PP2, CHP2, CHP3,
Waste incineration
plants

Biogas Upgrading
Plants

Electricity input for per
unit of CO2 captured

Heat input for per unit
of CO2 captured, and
COP of heat generation
units (e.g., HPs)

Share of plants and/or
capacities with carbon
capture

Capture rate

Capture target

CO; emissions can be partly or fully
captured in plants according to the
user define. Heat input will be
covered to electricity via power to
heat techs.

The electricity consumption for CC
is counted in the total system
electricity demand.

Same as technical simulation

Point source carbon
capture in industry,
including CO2 from
fuel combustion and
process (e.g., cement
factory)

The annual amount of
CO2 to be captured
(only for industrial
process)

The hourly distribution
of CO2 emissions (only
for industrial process)

The electricity input for
per unit of CO2
captured

Heat input for per unit
of CO2 captured, and
COP of heat generation
units (e.g., HPs)

Share of plants and/or
capacities with carbon

capture

Capture rate

The CO2 emissions from fuel
combustion in the industries are
linked to the fuel input in the
industry sector. The CO2 emissions
from industrial process can be
captured as well.

The electricity consumption for CC
is counted in the total system
electricity demand. Heat input will
be covered to electricity via power
to heat techs.

Same as technical simulation

Direct Air Capture
(DAC)

The hourly distribution
of CO2 capture

The annual total
amount of CO2 to be
captured

The
Electricity input for per
unit of CO2 captured

Heat input for per unit
of CO2 captured, and
COP of heat generation
units (e.g., HPs)

The electricity consumption for CC
is counted in the total system
electricity demand. Heat input will
be covered to electricity via power
to heat techs.

Same as technical simulation
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Direct Ocean Capture
(DOC)

The hourly distribution
of CO2 capture

The annual total
amount of CO2 to be
captured

The
Electricity input for per
unit of CO2 captured

The electricity consumption for CC
is counted in the total system
electricity demand.

Same as technical simulation

Geological CO;
storage

The hourly amount of
CO2 to be stored

The
Electricity input for per
unit of CO2 stored

The electricity consumption for CC
is counted in the total system
electricity demand.

Same as technical simulation

Intermediate CO,
storage

The annual storage
capacity

The initial load of CO,
stored

The Intermediate CO, will be used
to balance CO2 flow between
capture and utilisation

Same as technical simulation

2. Navigation

There is one main menu and three ribbons in the EnergyPLAN navigation.

2.1. Main Menu

The main menu can be found by clicking the AAU logo in the top right of the window, as highlighted
below. This allows the user to select between a number of standard options such as creating a new
file, opening an existing file, saving a file, and exiting the program. There are also buttons to run a

model and access your settings.
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ffl. EnergyPLAN 12.0: Startdata
- Recent Documents
[+ il
0. energyFlan DatatDatahCEESA_2050 Calibrated IV _CoZ
[:; e 1. energyFlan DatatData\CEESA_2050 Calibrated IV _CoZ
i 2. energyPlan DatahData\CEESS_ 2050 Calibrated Iv_CoZ
5 3. energyFlan DatatDatahCEESA_2050 Calibrated Y Co2
=] Save
4 energyFlan DatatData\CEESA_2060 Rec MI_201312_Co &
Save Ag |
T
ﬁ Settings 1
Bun [Screen]
E
— . 1
E Fiur [Print]
X Eut
| (=] I N

The three ribbons in EnergyPLAN are: Home, Add-On Tools, and Help. In the section below, some of
the key features on the main menu and ribbons are described.

2.1.1. Opening a new file

When you click the ‘New’ button on the main menu or the ribbon, EnergyPLAN will automatically open
the “initialize.txt” file and name this new file as “energyplan_new.txt”. This will ensure that you do not
save over the original “initialize.txt” file.

2.2. Home

The Home button on the home menu gives the user an overview of the components and synergies
included in the EnergyPLAN model, as described in section 1.2. It also describes the latest version and
most recent date that EnergyPLAN was updated.
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2.2.1. Notes

Under the notes page, the user can add some comments and notes about the tool being developed.
Some standard inputs are available such as the model area and year, but there is also space to provide
general notes if required.

todel Area [e.g. countiy]

|Ire|anu:|

Madel v'ear
2050

Year Developed

2015

Thiz iz a general note.

The efficiency for my biomaszs boiler iz from the energy agency
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2.2.2. Import from Excel

ffi Import from Excel N (=)Ed
| Select excel file [ Selected excel file : C:\OfflineDavid\Work\Delphi\EnergyPLAN 20150114'Run'energyPlan Data\Data\Excel\EnergyPLAI
Select dataset R Step gs =
| savedatasetfiepath | C:\OfflineDavid\Work\Delphi\EnergyPLAN 20150113'Run\energyPlan Data'\Data \Excel

Foiz it e C:\OfflineDavid\Work'Delphi\EnergyPLAN 20150113'Run\energyPlan Data'Data\Excel\HR Step 1 savings. bt

Import, Save and Load dataset

If you have a range of different EnergyPLAN files saved in MS Excel, then it is possible to import them
using the ‘Import from Excel’ tool. In the tool, you specify:

1. The location of your excel sheet

2. The name of the file you want to import (see more details below)

3. The place you would like to save the new EnergyPLAN file, once it is imported from excel

4. Click the ‘Import, Save and Load Dataset’ button to complete the action.

The EnergyPLAN files must be saved in the first sheet of the excel file and each data file must be a
single column, see below. Furthermore, the word ‘Name’ must appear at the top of the EnergyPLAN
file so it will be recognised in the ‘Select Dataset’ dropdown menu. A dataset column is recognized if
“Name” is found in any cell in the first 20 rows of a column. A sample excel sheet is presented below.
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H - L Tl EnergyPLAN Excel T
HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW ADD-INS
S cut Calibri === - EPWrapText General

Bl Copy - _
Pafte ¥ Format Painter I U- == = == EMergea&Center - B2~ %

Clipboard F] Font F] Alignment Ta MU
B7 - j‘t EnergyUnit=

A B
1
2
3 Name Name
4 HR 2010 HR BAU
5 EnergyPLAN version EnergyPLAN version
6 698 698
7 EnergyUnit= EnergyUnit=
8 TWh/year TWh/year
9 CapacityUnit= CapacityUnit=
10 MW Mw
11 MonetaryUnit= MonetaryUnit=
12 EUR EUR
13 Input_el_demand_Twh= Input_el_demand_Twh=
14 18.50027778 25.96072949
15 Input_El_demand_elec_heating_share= Input_El demand_elec_heating_share= Input_E|
16 0.85833474 0.960390204
17 Input_El_demand_cooling_share= Input_El demand_cooling_share= Input
18 0.423973234 0.44917831
19 input_dh_demand_TWh= input_dh_demand_TWh= i
20 21.21 21.21
21 input_RES1_capacity= input_RES1_capacity=
22 89 628.545791
23 input_RES2_capacity= input_RES2_capacity=
Sheet1 ©)

READY

2.2.3. Run Options

There are three different run options in EnergyPLAN:

Run Clipboard
Run Screen
Run Print

If you run to the screen, then a pop-up window appears with the results from the analysis, as below.
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ffi Results

¢
X
r
A
o
X

[» JiC>

EnergyPLAN model 14.0

REESULT: Data—=et: Startdata
Technical regulaticon no. 1

Critical Excess Regulation Strategy: 000000000

Total Calculation Time 12:00:00
Loading of Data 120000
Calculating Strategy 1 12:00:00
Calculating Strategy 2 12:00:00
Calculating Heatstorage 120000
Calc. econony and Fuesl 12:00:00
ANNTAL CO2 EMISSIONS (Mt):

ClZ2—emnission (total) 9,458
ClZ2—emission (corrected) 9.458

SHARE OF REES (incl. Biomass):

RES share of PES 28 .7 percent

RES share of elec. prod. 34 .6 percent

RES electricity prod. 7.01 TWh-vear

ANNTAL FUEL CONSUMETIONS {TWhryear) TOTAL: HOUSEHOLDS

Fu=el Consumption {(total) 48 .98

CAES Fuel Consumption 0.o0

Fuel(incl .Biomas=s excl RES) 46 .56

Fu=el Consumption {(incl. H2) 48 .98

Fuel Consumption (corrected) 47 .84

Coal Consumption 11 64 0.o0

Cil Consumption 11 .64 o.an

Hga= Consumption 11 .64 0.o0

Bioma== Consumption 11 64 0.o0

Huclear Fusl Consumption o.an

Waste Input 0.o0

W25 Pre Load Hours o.an

ﬁjNUAL COSTS (M DEEK) TOTAL : VARTABLE: BREAKDOWH: LJE]
‘ | »

If you run to the clipboard, the same results are provided, but this time they are saved on your
clipboard. Therefore, you can go to a spreadsheet, like MS Excel, and paste in the results, like below.
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Ho o & -
HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW ADD-INS
oy Y _
B db Cut A A T== - EWapText G
Bl Copy ~ _
F‘afte % Eormat Painter D-A- === = 3= Merge & Center ~
Clipboard P Font P Alignment P
c3 - fx
A B C [n] E F G H J i L [
1
2
3 | ]
4 |EnergyPLAMN rnodel 12.0 OWERVIE  Interest 0002
5 |RESULT: energuplan_new. txt
B | Technical regulation no. 1 COSTS [k Total lrv.  drinwal Ine Fixed Total lrw.
7 |Critical Excess Fegulation Strategy: 00000000 Coztz Costs (R Costz
a Solar therr I} 1] I}
9 |Total Calc  00:00:00 Srnall CHF I ] I q
10 |Loadingo  00:00:00 Heat Purn 1] 0 1]
T |Caleulatin 00:00:00 Heat Stara I} 1] I} I
12 |Calewlatin 00:00:00 Large CHF 0 i] 0
13 |Calculatin 00:00:00 Heat Purn 1] 0 1] [
14 |Cale. ecor  00:00:00 Heat Stara 1] 0 1]
1] Boilerz gr. 0 i] 0 i
1B |ANKNUAL COZ2 ERISSIONS [ht): Large Pow I 0 I
17 |CO2-emis 0 Wind 1] 0 1] q
18 |CO2-emis ] Wind offs I ] I
19 Photo Wolt I 0 I [
20 |'SHARE OF RES [incl. Biomassz]: W avE Qo I} i I}
21 |BES =hare 0 percent River of b 0 i] 0 i
22 |RES share 100 percent Hydro Pav 1] 0 1]
23 |RES elech 0 Twhhear Hudro Sto I} i I} 0
24 B idec By e n il n

If you run to the printer, then you will obtain an overview of the results on A4 pages. This is a different
set of results compared to the Screen and Clipboard. It is usually most convenient to send these results
to a pdf or xps printer so you can save the files on your computer. The result should appear like below.
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Input Startdata The EnergyPLAN model 13.0
Electricity demand (TWhiyear):  Flexible demand 0.00 Capacities Efficiencies Regulation Strategy: Technical regulationno. 1 | Fuel Price level
Fixed demand 2000 Fixed imp/exp.  0.00 Group 2: MW-e MJis elec Ther COP | CEEP regulation 000000000
Electric heating + HP  0.00  Transportation  0.00 CHP 1000 1250 040 050 Minimum Stabilisation share 0,30 Capacities Storage Efficiencies
Electric cooling 0.00 Total 20.00 Heat Pump 0 0 300 Stabilisation share of CHP 0.00 o P MW'; GWE elnez—o Ther.
Boiler 5000 0.90 i ydro Pump: §
District heating (TWh/year) Gr.1 Gr2 Gr3 Sum Group 3 m:::z:m SEP gr3load 303 mx Hydro Turbine: 0 0.90
District heating demand 000 1000 10.00 2000 CHP 1500 1875 040 050 H Electrol. Gr.2: 0 0 073 005
eat Pump maximum share  0.50 -
Solar Thermal 000 000 000 0.00 Heat Pump 100 300 100 Maimum mmportioxpert 1600 MW Electrol. Gr.3: 0 0 073 005
Industrial CHP (CSHP) 0.00 0.00 0.00 0.00 Boiler 5000 0.90 Electrol. trans. 0 0 073
Demand after solarand CSHP ~ 0.00 1000  10.00 2000 Condensing 4000 045 Distr. Name Hour_nordpool txt Ely. MieroCHP: 0 0 073
Addition factor 0.00 DKK/MWh CAES fuel rafio 0.000
Wind 1000 MW 207 TWhiyear 0.00 Grid Heatstorage: gr2: 10 GWh gr3: 10 GWh Multiplication factor ~ 2.00 p
Photo Voltaic 500 MW 035 TWhiyear 0.00 stabili- Fixed Boiler: gr2: 0.0 Percent gr3: 0.0 Percent | p facor  0.00 DKKMwhpr Mw | (TWhivear) Coal Oi Ngas Biomass
Offshore Wind 0 MW 0 TWhiyear 0.00 sation Electricity prod. from  CSHP  Waste (TWhiyear) Average Market Price 227 DKK/IMWh Transpot 000 000 000 000
River Hydro 0 MW 0 TWhiyear 0.00 share Gri- 000 000 Gas Storage 0 GWh Household 000 000 000 0.00
Hydro Power 0 MW 0 TWhiyear Gr2: 000 000 Syngas capacity 0 MW Industry 0.00 000 0.0 0.00
Geothermal/Nuclear 0 MW 0 TWhiyear Gra: 000 000 Biogas max to grid 0 MW Various 000 000 000 000
Output
District Heating Electricity Exchange
Demand Production Consumption Production Balance
Distr. Waste+ Ba- | Elec. Flexa Elec- Hydro] Tur- Hy- Geo- Waste+ Stab- ‘::s"me”‘m
heating | Solar CSHP DHP CHP HP ELT Boiler EH |lance demand Transp.HP trolyser EH  Pump|bine RES dro thermal CSHP CHP PP |load Imp Exp CEEP EEP
MW | MW MW MW MW MW MW MW MW | MW | MW MW MW MW MW MW | MW MW MW MW MW MW MW | % MW MW MW MW | Milion DKK
January 3856 0 0 0 2984 198 0 678 0 4|2573 0 66 0 00 0 38 0 0 0 2387 165 180 0 231 0 23 0 2
February 3644 0 0 0 2889 184 0 572 0 -1|2548 [T 0 00 0 37 0 0 0 BT N7 172 0 138 0 138 0 15
March 3140 0 0 0 2674 150 0 320 0 42450 0 50 0 00 0 261 0 0 0 2139 143 166 0 42 0 42 0 5
April 2346 0 0 0 2200 127 0 13 0 62159 [ 0 00 0 282 0 0 0 1760 193 150 0 B’ 0 AN 0 4
May 1538 0 0 0 1518 24 00 0 -4|2107 0 8 0 00 0 286 0 0 0 1214 615 188 0 0 0 0 0 0
June 1124 0 0 0 1125 0 00 0 -1|2048 0 0 0 00 0 277 0 0 0 %00 870 213 0 0 0 0 0 0
July 913 0 0 0 913 0 00 0 0| 1867 0 0 0 00 0 215 0 0 0 730 @21 229 0 0 0 0 0 0
August 948 0 0 0 946 0 00 0 0| 2148 0 0 0 00 0 234 0 0 0 757 1158 237 0 0o 0 0 0 0
September 1333 0 0 0 1331 1 00 0 12204 0 0 0 00 0 255 0 0 0 1064 885 211 0 1 0 1 0 0
October 2072 0 0 0 2008 60 0 2 0 2| 2287 0 20 0 00 0 23 0 0 0 1606 471 176 0 4 0 4 0 1
November 2923 0 0 0 2572 145 0 212 0 5|27 0 48 0 00 0 308 0 0 0 2057 228 1861 0o 75 0 715 0 1
December 3533 0 0 0 2626 183 0 54 0 0| 2472 [ 0 00 0 324 0 0 0 261 127 170 o 179 0 178 0 2%
Average 2277 0 0 0 199 B89 0 193 0 -1|2277 0 20 0 00 0 276 0 0 0 1597 493 188 0 5 0 58| Averageprice
Maximum 4049 0 0 0 3125 300 0 775 0 993512 0 100 0 00 0 1329 0 0 0 2500 2087 287 0 1561 0 1561 | (DKKMWh)
Minimum 820 0 0 0 538 0 00 0 244 | 1141 0 0 0 00 0 0 0 0 0 431 0 100 0 0o 0 0| 281 180
TWhiyear 2000 000 000 000 1753 078 000 169 000 -001|2000 000 026 000 000 000 000 242 000 000 000 1403 433 000 051 000 051 0 93
FUEL BALANCE (TWhiyear) CAES BioCon- Electro- PVand Wind off Industry Imp/Exp Corrected | CO2 emission (M)
DHP CHP2 CHP3 Boiler2 Boiler3 PP Geo/NuHydro Waste Elcly. version Fuel ~Wind CSP  Wave Hydro SolarTh Transp. househ. Various Total | Imp/Exp Net Total Net
Coal 415 461 047 240 - - 1164 | 000 1164 398 .98
oil 415 461 047 240 - - 1164 | 000 1164 310 310
N.Gas 415 461 047 240 - - 1164 | 000 1164 238 238
Biomass 415 461 047 240 - - - - 1164 | 000 1164 0.00 0.00
Renewable - - - - - - 207 035 242 | 000 242 000 000
H2 etc. 0.00 0.00 - - - - 000 | 000 000 000 000
Biofuel - - 000 | 000 000 000 000
Nuclear/CCS - - - - 000 | 000 000 0.00 0.0
Total 1661 1845 188 961 - - 207 035 4898 | -1.14 4784 946 946

28-September-2015 [15:27]

2.2.4. View
There are two ways to navigate through the tabsheets of EnergyPLAN:

Tabs

Treeview

Both can be turned on or off using the respective buttons in the View section of the Home ribbon. The
Treeview is on the left and the tabs appear on the top of the window.

The Show Hints checkbox is available if you need some extra descriptions of explanation of the inputs.
For example, in the image below, the white boxes appear to illustrate what the group 1, group 2, and
group 3 district heating labels represent. Also, wherever there is a star (*) in the text of EnergyPLAN,
then an explanation will appear beside that text when you hover over it, while the Show Hints box is
checked. For example, below is a description that appears for the “CHP Back Pressure Mode

Operation”.
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(i EnergyPLAN 15 tesk: Startdata

N i=)g
((t = EnergyPLAN 15 test: Startdata
Home | AddOnTools  Help [7]
ﬂ Gl' (& Open ﬁ gf: @ Eg EI E E E&k Show Hints
B save Show Hourly Values
Home  MNew Settings Motes Web Run Run Run Run Treeview = Tabs
B save As (Clipboard) (Screen) (Print)  (Serial)
| General Il Run Il View
Wanings Appear Here
5 Overview . . g
Electricity Demand and Fixed Impor/Export
mand
Electricity Electricity demand® 20 Twh/ysar Change distiibution| Hour_electricity. tst
Heating
Cooling Additional electiicity demand [] Twhiyear | Change distibution | consttt
'T””“S'W?“”“E‘ Elestiic heating (IF inchuded) | o Twihiyear  Sublract electiic heating using distiibution from 'individual window
ranspor
| Desslintion Electric cooling [IF included] _ ] Twihivesr  Sublract electiic cooling using distribution from ‘cooling window
- Suppl
é-aafal:.i.ngamsm.a;e Elec. for Biomass Conversion 000 Twhiyesr  [Transfered from Biomass Conversion TabSheet)
- Cost Elec. for Transportation 000 Twhivear  (Transfered from Transport TabSheet)
i Gimulation
b utput Sum (excluding electric heating and cooling) 2000 Twhiyear
Electric heating (individual) goo  Twhiyesr
Electricity for heat pumps [individual) oo0 Twhivear
Electiic caaling oo0 Twhivear
Flexible demand [1 day] ] Twhiyssr  Mawelfect 1000 M
Flesible demand [1 week] 0 Twhivear  Maxeffect 1000 M Import/
Export
Flexible demand [4 wesks) ] Twhiyssr  Mawelfect 1000 M fixed and
variable
Fixed Import/Expart 1] Twh/ysar Change distibution | Hour_Tysklandsssport tt a >
[ Electricity
| demand
Total electricity demand® 2000 Twhiyesr -
[«1 0|

2.3. Add-On Tools

The EnergyPLAN model (version 10 and onwards) has been prepared for
the inclusion of “Add-On Tools” to assist in the handling of data,
distribution files, etc., as well as other sorts of assistance. Different help
tools are in the process of being developed, but are not ready to be
released yet. However, the following function can still be used to include
any tools on request of the individual user.

One must define a directory called /energyPLAN Tools/ located next to
the EnergyPLAN.exe file and the /energyPlan Data/ directory.

Any execute file which is put into the /energyPlan Tools/ directory will

now be shown with an icon in the upper left corner of the EnergyPLAN
model and can be activated from the ‘Add-On Tools’ ribbon (see below).
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RAD Studio » EnergyPLAM

Mew folder

Documents libr:

Run
Mame

energyPlan Data
energyPlan Help
energyPlan Tools

L energyPLAN. exe



Home Add-0On Tools Help
Comparelnputs.exe
CompareVersionsEPlanTool exe

sy Convert 20120815.exe Docgmenﬂnputs.exe

DEditorPlanTool.exe MultipleExecutionTool.exe

Help Tools
warnings Appear Here:

Demand | Supply | Balancing and Storage © Cost | Simulation | Output

1
1T
.ll .;I o)
LI

®) ] H A B B

Faorum | Training Documentation FIDE  Warnings Error About
Guide Messages
| Online [l Manuals || About |

YW arnings Appear Here:

EnergyPLAN 14.0: Startdata

Overview
= Electricity | Heating | Cooling | Industy and Fuel | Transpart | W ater
i i~ Electricity Flartricihs Namand anAd Fivad lmnad/ Fvnnadt
2.4. Help
Home Add-On Toolz Help

The Help window contains a variety of links to the EnergyPLAN website and to the documentation
provided with EnergyPLAN. In the first group, there are links to the forum, training, and landing page

of the EnergyPLAN website.

The Manuals group contains links to the:
e Documentation, which is this document)

e FIDE guide, which explains how to find and input data into EnergyPLAN

e Warnings documentation, which explains the warnings that highlight potential problems to

the user

e Error Messages documentation, which describes common errors that can occur in

EnergyPLAN, mostly relating to data that is inputted incorrectly
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3. Libraries and settings

The model is organised as an executable file and a data directory including three libraries: Data,
Distributions and Cost. The three data directories are sub-directories to “energyPlan Data”. Additional
to the “energyPlan Data” folder, there is also an “energyPlan Help” and an “energyPlan Tools” directory
as illustrated in section 2.3.

Marme Mame
L energyPLAN_v1l.exe Cost
energyPlan Data Data
Distributions

The Data Library holds input data set and the Distribution Library contains hourly distribution files. The
Cost Library includes data sets of investment and fuel costs. The Cost data is part of the input data set.
However, the Cost data allow a quick shift or replacement of investment and fuel cost data without
changing the rest of the input. Whenever one chooses to save or load “input data”, all input data
including costs data will be handled. However, when one chooses to save or load “cost data”, only
investment and fuel cost data are included.

3.1. Input data set

The EnergyPLAN model always holds sufficient input data for doing a calculation. Moreover, the model
controls if new input data meet the standards. If not they will be rejected.

When the programme is started, the model automatically defines a set of input data, called
“Startdata”. The input data set can be saved and stored in the Data Library. Stored data sets can be
read into the model. In the upper left corner, the model shows the name of the present data set (see
below).

{@ EnergyPLAN 14.0: StartdatD

((a EnergyPLAMN 14.0¢ Startdata

Home Add-On Toolz Help

AGE GESG B DS LHE 2

Show Hourly Values

Home  New Settings | Motes = Web Run Run Run Run Treeview | Tabs
B save As (Clipboard) (Screen) (Print)  (Serial)
| General /| Run /| View

"W arnings Appear Here:

Demand | Supply = Balancing and Storage | Cost © Simulation  Dutput

Overview —
= Electicity | Heating  Cocling  Industy and Fuel - Tranzport ' ater

3.1.1. Open an input data set from the Library
lar

To open an input data set from the Library, activate the open button in the upper left corner.
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ffi EnergyPLAN 14.0: Startdata
. \\ Y= EnergyPLAN 14.0: Startdata

(OF
h

| Home Add-On Toolz Help

A ﬁ@@ﬂﬂlﬂﬂ

Fek Show Hints=

Show Hourly Values

Home  Mew Settings | Motes | Web Run un Run Run Treeview
(Clipboard) (Screen}l (Print)  (Serial)
General Run View

"W armings Appear Here;

i Demand | Supply = Balancing and Storage | Cost  Sirulation | Dutput
Overview

EH| & Electicity | Heating  Cocling  Industy and Fuel = Transport '/ ater

The following tab sheet will open, in which one can choose between stored input data sets:

r B
TR e T
Look in: I | Data j = cF B
= || Denmark2030Alternative.bt | testtet
el | Denmark2030Reference tut | testdibut
Recert Places  * pppepKan20test.t [ testidt
- | EbbeSPtest.txt | test100.bet
|| EbbeSPtest? bt | testl01.bat
Desktop || Georges_Ref_Edited.txt | testl02
=== | IDA 2030 test? ixt | testv2g.bxt
= | IDA 2030 test3 it | oot
Libraries | |IDA 2030 testd bt || aaatransH2-test.bt
Lb-h || IDA energiaar.zap | Aalborg 2050 Plan A - 44%
=~ | IDAaI bt
Computer | IndwTest.txt
= i |initalize.bd
u | Macedonia+2007+ CondensingCHP_Reference.tdt
Metworke __ Macedonia+ 2020+ CondensingCHP_Reference.tt
] | 1 | 3
File name: Iinitalize.t:d j I
Files of type: I ;l Cancel |

3.1.2. Defining a new input data set and storing it in the Library

To define a new input data name and save present input data in the Library, activate the open button

B in the upper left corner.

f{i EnergyPLAN 14.0: Startdata
. \\ s EnergyPLAN 14.0: Startdata

— /I | Hiome Add-On Toolz Help

ﬁ@@ﬂﬂnﬂl

Mttings | Motes | Web Run Run
{Clipboard) {Screen] (Print) (Serlal]

Run

[k Show Hints=

Show Hourly Values

B Save As

View

W arnings Appear Here:

i Demand | Supply = Balancing and Storage | Cost | Simulation | Dutput
Overview

| E Electicity | Heating  Cooling = Industiy and Fuel = Transpart  '/ater
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The following tab sheet will open, in which one can define the name of the data set, e.g., “Example”:

Organize * Mew folder 1=z @

=

Mame Date modified Type
. Lokale energimarkecer 21-Ub-£U15 1Ll File tol

L Mijet 27-06-20131612  File fol{ ]|
| Morten 27-06-201316:12  Filefole

| MOSAIK 27-06-201316:12  File fok

. Micaragua 27-06-2013 16:12 File folc

. | Old 27-06-201316:13  File folk
&L Recent Places | Optimix 27-06-2013 16:13 File folt
| Tekno2025 27-06-201316:13  File fol

) Test 27-06-2013 16:13 File folt -
~ | [ |

s

0 Favorites
B Deskiop
4 Downloads

4# Dropbox

| OnlyAvailableOr

. Private

- Libraries
@ Documents

File name:  Examplel

Save as type: ’

4 Hide Folders

After storing the data set, the new name will appear in the upper left corner:

i EnergyPLAN 11@
»  —

I;/@ ] I-]I:me Add-On Tool:  Help
4 B 5> & M =

B save
Home  New Import Settings Motes  Web Run Run
fromexcel P Save As (Clipboard) (Screen)
General | Run
f{i EnergyPLAN 14.0: Startdata

I./@‘._ Y= EnergyPLAMN 14.0¢ Startdata

| Home | AddOnTook  Help

= j— — = *
AGE GEFS I @™ B s
B save | | Show Hourly Values
Home  Mew Settings | Motes | Web Run Run Run Run
B save As (Clipboard) (Screen) (Print) (Serial)
General Run View

"W armings Appear Here;

Overview

r Demand| Supply  Balancing and Storage . Cost  Simulation - Output

| Bl & | Electricity | Heating = Cooling | Industiy and Fuel | Transport  ‘water
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3.1.3. Saving the present input data set in the Library

To save the present input data set (replace present data under the same name), activate the B

button in the upper left corner.

ffi EnergyPLAN 14.0: Startdata

(ﬁ = EnergyPLAM 14.0¢ Startdata

Hiome Add-On Toolz Help

e ; = — = 5ﬁ| == [8, Show Hints=
ﬂ [I Ef @ Hﬂ E Show Hourly Values

Home  Mew Settings  Motes = Web Run Run Run Run Treeview | Tabs
B save As (Clipboard) (Screen) (Print) (Serial)
| General /| Run /| View

W arnings Appear Here:

Demand | Supply | Balancing and Storage © Cost  Simulation | Output

g Overview

Electicity | Heating  Cooling = Industiy and Fuel = Transpart  '/ater

3.2. Distribution
Typically, energy demands and renewable resources, etc., are defined in the model by an annual value
and a distribution name from the Distribution Library.

Distributions in the Library are stored as text files and consist of 8784 hour values presented on 8784
lines. New distributions have to meet this format.

For price distributions, the 8784 numbers are absolute. For demands, all values are relative and will
relate to the specified annual value. For renewable energy sources, distribution is relative to the
specified capacities.

Distributions are defined by their name, and such names are part of the input data set. When the

model is started, names are defined for all distributions. However, one can easily change from one
distribution to another in the Library.

3.2.1. Change distribution

The model shows the name of the present distribution; here illustrated by the electricity demand:
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(i EnergyPLAN 14.0: Startdata

¥ Al
—/f| Home | Add-OnTools  Help

AGE GG BB SO L

Show Hourly Values

Home  Mew Settings Motes  Web Run Run Run Run Treeview | Tabs
B save As (Clipboard) (Screen) (Print)  (Serial)
General Run

W = EnergyPLAMN 14.0: Startdata

[ show Hints=

‘Warnings Appear Here:

Demand|8upply Balancing and Storage . Cost  Simulation  Output

COverview ——
Electnclt}l| Heating = Codling | Industry and Fuel - Transport | Water

Electricity Demand and Fixed Impon/Export

Electicity demand™ 20 Twhgar | Change distribution | Hour_electicity.tst

Electric heating (IF included]

Electric coaling [IF included]

Electric heating (individual) 0.00 Twhyear

LT S E N S o T

To change distribution, simply activate the Change distribution button and the following tab sheet will

open:

Organize = MNew folder

-~
Mame
=l muu f_DI:'V_errlprrL. LEL

"¢ Favorites
Bl Desktop
4. Downloads

| Hour_CoolingDemand.tet

|| Hour_cshp_dhfordeling. et
%+ Dropbox

L OnlyAvailableOn

. Private

|| Hour_cshpel.tdt
|| Hour_distr-heat.bet
|| Hour_distr-heat-2.tet
il Recent Places || Hour_distr-heat-2-50procent b
|| Hour_distr-heat-2-82procent.bdt

= 1] Twhiyear Subtract electic heating using distribution from individual' window
_ 0 Twhyear Subtract electic cooling wsing distribution fram 'cooling’ window

[+~ Supply

E . E:I:tncing and Storage Elec. for Biomass Conversion 0.oa Twhiyear [Transfered from Biomass Conversion TabSheet)
... Simulation Elec. for Transportation 0.0 Twhdyear  [Transfered from Transport TabShest)

Fl- Dutput Sumn [excluding electric hesting and cooling) 2000 Twhdyear

[Date maodified

MWW L AL

05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27

w9 Libraries Hour_eldemand_eltra2001 .t

| (==

05-07-2012 16:27

Docurments -
@ | Hour_electricity .t

J’ L || Hour_eltra-indu-kov.bet

05-07-2012 16:27
05-07-2012 16:27

[ Pictures ~ e

File name: Hour_eldemand_eltra2001 bt

_

Here, one can choose a new distribution, which will then be shown in the input tab sheet.
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3.2.2. Define new distributions

New distribution data can be added to the Library, simply by producing a text file with 8784 numbers.
Distributions in the Library are stored as text files and consist of 8784 hourly values presented on 8784
lines. New distributions have to meet this format.

If the message shown below appears it is very often because one of the distribution files does not meet
the required format, i.e., typically it does not contain 8784 values but only 8760. Or it has too many
values.

energyplan [‘$_<|

@ Access violakion at address 004DFS67 in module 'energyPLAN. exe’. Read of address FEFFFFFC,

Or if one of the values contains letters instead of numbers, the following message will appear.

energyplan f'5_<|

@ '335,0hh0" is not a valid floating poink walue,

One fast way of making a new distribution is to open an existing file in the Distribution Library by using
the pathfinder. Then, change the data and save under a new name. One can mark all data and load the
datainto, e.g., Excel and change them. Or one can simply replace them with a new set of data.

In the diagram below, the first part of a distribution file opened in Notesblok (notepad) is shown.
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Mj hour_wind_eltra2001.txt - NMotepad

File Edit Format WView Help

0,178041029
0,198093037
0,219994221
0,245189252
0,294943658
0,358855822
0,460329385
0,567986131
|D,E?13088?
0,712221901
0,779543485
0,B805605316
0,75174805
0,707310026
0,650678995
0,588847154
0,516787056
0,489280555
0,478474429
0,466454782
0,431204854
0,407916787
0,378214389
0,358971396

|0,311123953

In order to provide information of the source of specific data, one may add some lines in the beginning
of the distribution file. Such lines will have to start with the sign “/” as shown below. One may add as
many lines as one wish.

-

v —
|| hour_wind_eltra2001.txt - Motepad
R ———

File Edit Format View Help

Jwind production
0,178041029
0,198093037
0,219994221
0,245189252
0,294943658
0,358855822
0,460329385
0,567986131
0,67130887
0,712221901
0,779543485
0,805605316
0,75174805

3.2.3. Existing data in the Library

The model Library already includes a long list of distribution data, among others: Typical Danish
electricity demand (year 2000), typical Danish district heating demand, distribution of photovoltaic
and solar thermal power, distribution of industrial CHP, different wind years: 1996, 2000 and 2001,
and distribution of Nord Pool prices between the different years from 2000 to 2006. Four of the hourly
distribution data sets are illustrated in the diagram below.
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Electricity demand Electricity demand: January week
150 150
125 125 §
.. 100 4 ___ . 100
c c
o o
o 751 H H © 75
& 5
50 1 HoH & 50 |
25 H H 25
0 " " " " " " " T " T " 0 T T T T T T
1 2 3 4 5 6 7 8 9 10 " 12 1 25 49 73 97 121 145
Month Hours
District heating demand District heating demand: January week
250 250
200 200
< 150 4 — £ 150
o o
5 ]
& 100 8 100 |
B I
1 2 3 4 5 6 7 8 9 10 1" 12 1 25 49 73 97 121 145
Month Hours
Wind power production Wind power production: January week
450 450
400 400 f
350 350 »\
.. 300 .. 300
c c
g 250 8 250
& 200 E 200 1
& 150 150
100 100
0 T T T T T T T T T T T 0 T T T T T T
1 2 3 4 5 6 7 8 9 10 1 12 1 25 49 73 97 121 145
Month Hours
Solar thermal Solar thermal: January week
450 450 n
400 400
350 350
. 300 300 'A\
c
g 250 — § 250 “
5 200 20 1
& 150 150 1 [
E 7 :I:I_I:'t =] l ' \ '
50 45 H 50 1
0 .=.‘|:|‘ L ] ! ! ! L ! —e— 0 | . _ A . /1 . : : l
1 2 3 4 5 6 7 8 9 10 " 12 1 25 49 73 97 121 145
Month Hours

Diagram 3: Four examples of internal model data sets: Electricity demand, district heating demand,
wind power production (one out of three possible), and solar heating thermal. To the left, the annual
distribution on months is shown, and to the right, an example of one week of January is presented.

3.3. Cost database

To save or load Cost Data, one has to go to the Cost Additional tab sheet and activate one of the two
buttons “Save Cost Data” or “Load New Cost Data”.
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14.0: Startdata

N )= EnergyPLAN 14.0: Startdats

| Home | AddOnTools  Help

AGe SO B ESO LM 2
+ Bl save = I Show Hourly Valuss
Home  New Setfings Notes  Web Run Run  Run  Run | |Treeview | Tabs
B save as (Clipboard) (Screen) (Print) (Serial)
General Run View

Wiarmings Appear Here:

Demand | Supply | Balancing and Starage | Cost | Simulation | Dulput

— Overview E -
=] General | [nvestment and Fived OM | Fuel | Wariable OM | External Electricity Market
= Demand
L Electricity
Heating | SeveCostDala | | LoadNew Dost Dala
Codling L J
Industiy and Fuel
Transport B0 I the plart is not operated
wiater Wariable operation and maintenance costs are only necessany if the: plant operates and are directly proportional to the number of hours that the plant operates.
Supply
Ealancing and Storage Business economic operation: Socio economic consequenses:
il Al costs [fuel, handing and taxes) are included Tares are not included when the socio economic
- Simlation i the marginal costs when optimal operation consequenses are calculated,

Output stratedias o the individual plarts are decided

£02 Price (inchided in marginal production prices] [0 [DKKACOZ)

Interest (%) [0

Investment Fixed Oper. and M.
Sum Annual Costs Sum Annual Costs
0 (MDKK/year) 1] (MDKK/year)

When activating one of these buttons, the following tab sheet will show and one can either read new
data or load present data in the same way as for input data.

Organize « Mew folder

57 Favorites il MName Date modified Type

Bl Desktop . 2020DEACosts (2).bxt 04-09-2012 09:02 Text Docy
& Downloads | 2020DEACosts. bt 04-09-2012 09:02 Text Doc
| IDA2030_cost2009 bt 05-07-2012 16:25 Text Doc

%# Dropbox
. OnlyAvailableQn

. Private

"5l Recent Places

- Libraries
@ Documents
J’ Music

[ Pictures ey m v

File name: -

I Open I ’ Cancel
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3.4. Settings

ffi Settings — o) x

Capadity and energy units

Capadity units Energy Unit : Twh/year
lew
- WWater Storage Unit : Mm3
Desalination Unit : 1000 m3 fresh water fhour
Monetary unit
= - Warning:

If you change Monetary Unit Remember to change data in the following Tabsheet:
Cost tabsheet: More or less all units

Input - Waste tabsheet: Value of food

Input Biomass Conversion Tabsheet: Value of food (2 inputs)

In the settings tab sheet, one can define the energy units and monetary units.

Note: No input or output numbers will be changed by activating the button. Only the writing of units
in the tab sheets and on the printed pages is changed.

The energy/capacity units can be changed by selecting between the following combinations:
- kW and GWh/year
- MW and TWh/year
- GW and PWh/year

54



4. Energy System Definition (Inputs)

EnergyPLAN Energy System Analysis Tool Version 14.0 28 September 2018
( ( A ) Electricity
Hyd Desalinat | Export
Hydro water | Hydrostorage [«4—— Yaro power ! storage gt po
plant plant fixed and variable
\ \_ I system
s -~
RES electricity i - . .
. J ‘ o | l v 5 Electricity
[ 4 4 demand
. BN < /
—_— - - h 4
Storage F ( ") -~ p .
— CHP Heat Cooling Cooling
—_— ﬁ,__“ pump a.nd device demand
Geothermal AL ] I Absorption etljfj(i:ltglrc — —
and solar heat —_— heat pump L I —
\ ) . -
s ~ Boiler L /1 ¥ a » JIREiEat
( | 4 demand
‘ Fuel - H ( \ I _——
Ue - 4
) 1
! ) B e . Electralyse rl —
- S ~ ) ! storage .
| P A
- Biomass )
CO, —T3 Hydrogenation ] P—— Vehicles | -y Transport
| J | ] | | demand
. . . AN \_ ¥, | )
Fuel
Electricity ) " Process
Heat > Industry | heat
Hydrogen [ demand
Steam . \
co, D — Gas Importf
Trnsport — storage Export gas
Watsr —
A Cooling  =—

As shown in the diagram, the EnergyPLAN model consists of the following overall structure
components: Demand, Supply, Balancing and Storage, Cost, Simulation and Output.

Inputs are defined by the user in the following: Demand, Supply, Balancing and Storage, and Cost. In
the following, each of these sections is described, including a description of input definitions and initial
calculations. Initial calculations are done simultaneously with the changing of inputs.

Any energy system analysis - technical as well as market-economic - requires data in the “Demand”
and “Supply” sections. In a technical system analysis, the model does not require other inputs. But in
the case of a market-economic simulation or if a feasibility study is conducted, further inputs are
required in the “cost” section.

By doing exercises and following the guidelines to the EnergyPLAN model, one can learn step by step
how to define relevant input data. Both exercises and guidelines can be found on
www.EnergyPLAN.eu.

4.1. Demand

The demands in the energy system are defined under the various different tabsheets of the ‘Demand’
tabsheet. In some cases, where it is necessary from a pedagogical perspective, the supply is also
included in some of the demand tabsheets. However, this is avoided as much as possible.
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4.1.1. Electricity

(i EnergyPLAN 15 tesk: Startdata _Yo)(x
((t = EnergyPLAN 15 test: Startdata
Home | AddOnTools  Help [7]
ﬂ Gl' (& Open ﬁ gf: @ Eg EI E E E&k Show Hints
B save Show Hourly Values
Home  MNew Settings Motes Web Run Run Run Run Treeview = Tabs
B save as (Clipboard) (Screen) (Print)  (Seril)
| General Il Run Il View J
\warnings ppear Here
5 Overview . . g
Electricity Demand and Fixed Impor/Export
ecicity Electricity demand® 20 Twhiyear | Change distibution| Hou_electici.tat
Heating
Conling Additional electicity demand ] Twhiyear | Change distibution| constat
'T””“S'W T“d Fuel Elestiic heating (IF inchuded) | o Twihiyear  Sublract electiic heating using distiibution from 'individual window
ranspor
Desalination Electric: cooling (IF included) [ Tuthiysar  Sublract electiic cooling using distribution from ‘casling! window
- Supph
: Eaf;img and Storage Elec. for Biomass Conversion 000 Twhivesr  [Transfersd from Biomass Conversion TabShest]
Cost Elec. for Transportation 000 Twhivear  (Transfered from Transport TabiShest)
Siruistion Sum [excluding slectric hesting and cooling) 2000 Twhiysar
Output
Electric heating (individual) 000 Twhivesr
Electicity for heat pumps findividual) 000 Twhivear
Electic cooling 000 Twhivear
Fleible: demand (1 day) [] Twhiyest  Maweifect 1000 M
Flesible demand [1 week] 0 Twhivear  Maxeffect 1000 M Import/
Export
Fleible demand (4 wesks) [] Twhiyest  Maweifect 1000 M fixed and
variable
Fixed Import/Expart 1] Twh/ysar Change distibution | Hour_Tysklandsssport tt I
[ Electricity
| demand
Total slectricity demand® 2000 Twhiyear -
[«1 0|

Inputs

Dt = Annual electricity demand

Dea = Additional annual electricity demand

Dey = Annual electricity demand for cooling (defined in the input tab sheet “Cooling”)
Dec = Annual electricity demand for heating (defined in the input tab sheet “Individual”)
Dex = Annual electricity demand of fixed exchange (Fixed import/export)

Dexpay = Annual electricity demand flexible within 1 day

Drxweek = Annual electricity demand flexible within 1 week

Drxaweek = Annual electricity demand flexible within 4 weeks

Crxpay = Max capacity of 1-day flexible demand

Crxweek = Max capacity of 1-week flexible demand

Crxaweek = Max capacity of 4-week flexible demand

The electricity demand is defined by an annual value, D¢ (TWh per year) and the name of an hourly
distribution data set. This can be increased by adding an additional demand Dea. And one can also
specify a fixed import/export, Dex. Furthermore, one can define various kinds of flexible electricity
demands, Dexpay, Dexweek @and Dexaweek in combination with maximum capacity values. Electricity
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demands for electric heating and cooling (specified in the “cooling” and the “individual” tab sheets)
are shown, and help functions make is possible to subtract such demands from the electricity demand.

4.1.1.1. Input tab sheet calculation of electricity demand

If the electricity demand contains an electric heating or cooling demand, such demand (Dey and Dec)

can be defined and will be subtracted from the electricity demand hour by hour:
de’ = de — den - dec
if d’ <0 thend¢ =0

DE' = 2 dE'

If such electric heating or cooling demands are specified, the new electricity demand, D¢’ ,will be used

subsequently as input to the energy system analysis.

4.1.2. Heating
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Input

Individual boilers, CHP, heat pumps and electric heating

Fm-coal, Fnm-oil, Fm-ngas, Fum-bio = Annual fuel demands for individual boilers

PM-coal, PM-0il, PM-Ngas, Pm-bio = Thermal efficiencies of individual boilers

Hwm-n2cHp, Hv-ngascHp, Hmsioche = Annual heat demands of micro CHP on H2, natural gas and biomass.
m-H2cHp, Um-NgascHp, Mvi-siochp = Efficiencies (electric) of micro CHP on H2, natural gas and biomass.
Pm-H2cHP, PM-NgascHp, Pu-iocHp = Efficiencies (thermal) of micro CHP on H2, natural gas and biomass.
Hm-np, Hv-en = Annual heat demand of heat pumps and electric heating in individual houses

¢r.up = COP of heat pumps in individual houses

LIMITm-n2cke, LIMITm-ngaschp, LIMITm-giocke, LIMIT.4p = Capacity Limit of CHP and HP (between 0 and 1)

Solar thermal and heat storage

Qsolar-M-coal, ----Qsolar-m-bio = Annual heat production from solar thermal in individual boiler systems.
Qsolar-M-H2cHP, ----Qsolar-m-biocHp = Annual heat production from solar thermal in individual CHP systems.
Qsolar-m-Hp, Qsolar-m-en = Annual heat production from solar thermal in individual HP and EH systems.
SHAREs/ar-M-coaly ---- SHAREsoiar-m-en = Share of individual houses with solar thermal in various systems.
Shssolar-M-coal , - SHssolar-M-eH = Capacity, Heat storage for solar thermal in various systems

District heating production and demands

QoHi, Qorz, Qows = Heat production in district heating group 1, 2, and 3

Por1, Ponz, Pons = District heating losses for district heating group 1, 2, and 3 (% of production)
Hown1, Howz, Hons = Heat demand in district heating group 1, 2, and 3

Inputs to individual houses are basically defined as fuel inputs, since such figures are normally basic
data in statistics. When defining the efficiencies of boilers, heat demands are calculated. Electric
heating is defined as electricity consumption. The same hourly distributions are used for all heat
demands.

To include CHP and heat pumps, one must define heat demands and efficiencies. Moreover, one may
define capacity limits in the CHP and heat pump units in terms of shares of the maximum heat demand
(figures between 0 and 1). If such limits are defined, the peak heat demands will be met by boilers
using the same efficiencies as defined for the boiler-only systems. In the case of H2, the efficiency of
the natural gas boiler is used; and in the case of heat pumps, electric heating is used.

Moreover, one can add solar thermal power to all the systems by defining the annual solar production
and the share of heat demand based on solar thermal power. For all solar thermal productions, the
same hourly distributions are used.

The district heating demands, Hpni, How2, Hous, are calculated by multiplying the district heating
production by the annual losses in the district heating network, which are expressed as a percentage
of total district heating production. For example,

Hpy1 = Qpu1 * (1 — ppu1)

4.1.2.1. Input tab sheet calculation of heat demands in individual houses
The resulting heat demands in the individual houses serve as input to the micro CHP and heat pump
systems. For the boiler-only systems, the heat demands are calculated simply as the fuel input
multiplied by the boiler efficiencies:

H=F/p

58



4.1.2.2. Input tab sheet calculation of solar thermal production in individual houses

Solar production is, in principle, calculated in the same way as solar thermal production in district
heating. If the solar production at one hour exceeds the demand, the excess production is stored if
possible, and if not, the excess production is perceived as lost. When the solar production is lower than

the demand the model seeks to empty the storage. The same calculation methodology is used as in
section 4.2.4.1.

4.1.2.3. Input tab sheet calculation of boilers, CHP and heat pumps in individual
houses

The heat demand for solar production is supplied by boilers, micro CHPs and heat pumps. The

production in the boilers-only systems is simply calculated as the difference between the demand and

the solar production (including the use of the heat storage):

gm-oil = hm-oil = q’solar-m-0il

For the micro CHP and the heat pump, the production cannot exceed the limitations on capacity, if
any.

OM-NgasCHP = hM—NgasCHP - q’SoIar-M-NgasCHP
If qm-NgascHp > Max(hm-ngascrp) * LIMITm-ngaschp then gm-ngascip = Max(hm-ngaschp) * LIMITw-ngascHp

The heat demand remaining after coverage by solar (including the use of storage), CHP and heat pumps
is met by boilers and, in the case of heat pumps, by electric heating:

- 7

QM-H2CHP-Boiler = hm-tache - Q solar-M-H2CHP = (M-H2CHP
- 7’

M-NgasCHP-Boiler = hM-NgasCHP = {0 solar-M-NgasCHP = (M-NgasCHP

- ’

OM-BioCHP-Boiler = NM-BiocHP - QSolar-M-BioCHP - OM-BioCHP
= h ’

gM-HP-EH = NM-HP - { solar-M-HP - OM-HP

The fuel demands for all boiler systems are calculated and shown in the input tab sheet (Here shown
for the oil boiler):

fv-oil = qm-oil /pM-OiI

The fuel demands for the three CHP systems (here shown for the Ngas system) are calculated
individually for the CHP unit and the peak load boiler, respectively.

fM-NgasCHP = (M-NgasCHP / PM-NgasCHP
fM—NgasCHP—BoiIer = (M-NgasCHP-Boiler / PM-Ngas

The total fuel demand, Fu-ngaschp-Total, is found by adding the two demands:
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fM—NgasCHP-TotaI = fM—NgasCHP—BoiIer + fM—NgasCHP
The electricity production from CHP is calculated as follows:
eM-NgasCHP = fM-NgasCHP * M-NgasCHP
The total electricity consumption from heat pumps, Di.np-Total, is calculated as follows:
dm-HpeH = Om-HP-eH
dmwp = qm-Hp /d)M-HP
dw-tp-total = dmwpen + dmnp
The electricity demand for electric heating is calculated like this:
Dm-en = Qm-en

The resulting total fuel consumption and electricity production (and consumption) are shown in the
input tab sheet for all systems. So is the resulting solar production.

4.1.2.4. District heating demands

The annual district heating consumption must be stated for each of the three DH groups. A common
hourly distribution for all three groups is specified.
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4.1.3. Cooling
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Input
Dcool = Annual electricity demand for cooling
Ocooleiec = COP of electric cooling.
Ccooi1, ---Ccoolz = Annual demand for cooling in DH groups 1, 2 and 3.
Cnatural1, ---Cnaturaiz = Annual contribution from natural cooling in DH groups 1, 2 and 3.
Pcool1... Pcoois = COP of absorption units in DH groups 1,2 and 3.

Cooling demands are defined by annual electricity consumption (air-conditioning etc.) and/or by
annual cooling consumption (absorption technology). In the latter case, cooling consumption is divided
into the 3 district heating groups and requires additional inputs in terms of a COP for the absorption
units to be able to calculate the corresponding heat demands. One common hourly distribution is used
for all cooling demands.

The electricity demand for cooling is added hour by hour to the other electricity demands. Please, note
that a help function in the Input Electricity Demand tab sheet makes it possible to subtract electricity
for cooling and heating from the fixed electricity demand.

The heat demands for cooling are added hour by hour to the district heating demands. In principle,

this represents a scenario in which the heat can be supplied either by connecting the individual units
to the existing district heating systems or by investing in a district cooling grid connected to the district
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heating production units. Input can also be defined in terms of a COP of the electricity cooling. Such a
co-efficient is used in the input tab sheet only to calculate a “Cooling” demand. This function is meant
to provide assistance in case one demand is replaced by another; e.g., an air-conditioning electricity
demand with a COP of 3 is replaced by a district heating absorption cooling with a COP of 0.6.

The use of heat pumps/chillers in the district cooling grid is also possible to model. This enables the
user to model a district cooling grid based on electric cooling and natural cooling in combination.

Further inputs are contributions from “natural cooling”, i.e., cooling from rivers or sea waters. The
input is given in an annual value for each of the three DH groups, and the heat pumps/chillers group,
and a common hourly distribution. In such case, an initial calculation will identify and subtract the
potential contribution from natural cooling and calculate the resulting heat demand (hcool) in the
following way:

If CNaturall > Ccooir theN Cnaturall := Ceoolz  €1S€ CNatural1 := CNaturall

hCooIl = (CCooll - CNaturaIl) / (I)Cooll

4.1.4. Industry and Fuel
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Input

Fi-coal, Fi-oil, Fi-ngas, Fi-bio, Fi-nya = Annual fuel demands for Industry
Fv-coal, Fv-oil, Fv-ngas, Fv-bio = Annual fuel demands for Various

Inputs to Industry are basically defined as fuel inputs, since such figures are normally basic data in
statistics. Moreover, electricity and excess heat productions from industrial CHP or similar are defined
and fed into one of the three district heating groups.

The distribution of natural gas is used only in the calculation of the gas grid hourly balance (See Chapter

8.7)

The amount and distribution of hydrogen is used to calculate the need and operation of electrolysers

as specified in section 4.2.7.3.

4.1.5. Transport
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Input

Fuel demands
Fr.s¢, Frpiesel, Fr-petrol, Fr-ngas, F1-tps, Fr-nuz = Annual fuel demand for transport
Frransport-#2 = Annual hydrogen fuel demand for transport

Electricity demands

Dggv = Electricity demand of Battery Electric Vehicles in TWh/year

Dvag = Electricity demand of “V2G cars” and or “BEV smart charge” in TWh/year
V2Gpax-share = The maximum share of cars which are driving during peak demand hour.
Ccharger = The capacity of the grid to battery connection in MW

V2Gconnection-Share = The share of parked V2G cars connected to the grid.

Hcharger = The efficiency of the grid to battery connection (charger).

SvaG-Battery = The capacity of the battery storage in GWh

Cinv = The capacity of the battery to grid connection in MW

Ky = The efficiency of the battery to grid connection (inverter).

The transport input tab sheet is designed to describe potential changes in the transport sector.

The fuel inputs at the top comprise fuel for cars and other transport units divided into jet petrol, diesel,
petrol, natural gas, and LPG. For all these types of fuels, biofuels and electrofuels (if any) will be
transferred from the Waste, BiomassConversion and Electrofuel tab sheets and added to the sum.
Vehicles on hydrogen require an additional input in terms of an hourly distribution which will be used
to specify the demand for hydrogen administered in the Hydrogen tab sheet.

The distribution of natural gas is used only in the calculation of the gas grid hourly balance (See Chapter
8.7)

A series of inputs describes battery electric vehicles (BEV). Basically, they are divided into dump cars
and smart cars. In the case of dump cars, the input defines an electricity demand for transport shown
as an annual demand and a distribution curve. In the case of smart cars, the electricity demand forms
part of the simulations and one has to specify a number of relevant input data. One can activate a help
function by pressing the button in the upper right corner of the tab sheet, as illustrated below. By
specifying the efficiency of the individual types of cars in terms of km/kWh, one can follow the total
numbers of km per year during the process of changing the system, e.g., by reducing the number of
traditional cars and adding new technologies on biofuels and/or electric vehicles.

Twhiyear Fossil Biofuel W aste” Electrofuel Tatal Distribution Help to design inputs

JP [Jet Fuel) 1] 1] ] 0.o0 kb Bilion kmdpear
Diesel / DME 0 ] 0.0 a0 n.00 15 i]

Petral / batharnol 0 0 0 0.00 15 i]

Mgas* (Gnd Gas) 1] 0.00 Gas const ket 15 ]

LPG 1] 0.00 15 ]
Ammonia [NH3) 0 0.00 15 il

HZ [Produced by Electralyzers) 1] Hz Hawr_US 2007 _transpartation_BEW_ 3 i}
Electricity [Dump Charge) a Dump | Hour_US20071_transpartation_BEW_ 5 i]
Electricity [Smart Charge) a Smart | Hour_US2007_transportation_ SEW_ g i}
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4.1.5.1. Input tab sheet calculation of electrolysers for transport

If a fuel demand is specified for hydrogen transport, then the minimum electrolyser capacity required
to provide the necessary hydrogen is calculated. The electrolysers must be added to the system in the
Input Hydrogen tab sheet.

4.1.6. Desalination
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Fresh Water demand from desalination and storage:

DrresH : Annual Demand for Fresh Water (Mm3/year)

Hourly distribution of Fresh Water demand

Seresn - Capacity of Fresh Water Storage (Mm3)

Leresnwatereump - Electricity efficiency of the fresh water pump (kWh/m3 Fresh Water)
Crump-rresnwaTer - Capacity of the fresh water supply pump (MW electric input)

Desalination Plant including Pumps:

Coesaunation : Capacity Desalination Plant (m3 Fresh Water/hour)
UoesaunaTion © Electricity efficiency (kWh/m3 Fresh Water)
SHAREggesH : Fresh Water Share of Salt Water input (m3/m3)
SHAREgrine : Brine Share of Salt Water input (m3/m3)

Pump Hydro Energy Storage

prureine - Electric efficiency of turbine (kWh/kWh)

peume : Electric efficiency of pump (kWh/kWh)

Crureine : Capacity of the turbine (MW electric output)

Cpump : Capacity of the pump (MW electric input)

Serine - Capacity of Brine Storage (1000 m3)

dsrinesTorace : Energy equivalent of water in Brine Storage (kWh/m3)
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The modelling of desalination is based on a potential solution for a plant in Jordan as illustrated in
the diagram below:
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Based on the hourly fresh water demand and storage the model will calculate the minimum necessary
capacity of the fresh water pump and the desalination unit to fulfill the demands as follows:

First the hourly demand for fresh water (deresn) is calculated from the annual demand (Drresn) and the
hourly distribution.

The hourly electricity demand (MW) and minimum necessary capacity (MW) of the fresh water pump

is found as the hourly demand for water multiplied by the electricity efficiency of the fresh water pump
(kWh/m3 Fresh Water) divided by 1000 to get the result in MW.

€PUMP-FRESHWATER = dFRESH * LFRESHWATERPUMP /1000
CPUMP-FRESHWATER»MIN = Max (ePUMP—FRESHWATER)
The minimum capacity necessary will be shown in the input TabSheet of EnergyPLAN and the user will
be allowed to input a higher value if desired. This value is only used in the cost calculation and if one
inputs a smaller value the EnergyPLAN model will replace it with the necessary minimum value.
Next, the average fresh water production (Wegesh-averace) is calculated:

WFRESH-AVERAGE = DFRESH / 8784

The hourly content of the fresh water storage (seresn) is calculated by iterations and by setting the
production of fresh water (weresn) equal to the average value (Weresh-averace) in the first iteration:

SFREsH = SFResH + (WrresH - drresh)
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If Seresn > Srrest then Seresw = Srres
If SFRESH < 0 then SFRESH = 0

To assure that the content of the fresh water storage is the same by the end of the year as at the
beginning the calculation is repeated once.

If the storage is big enough there will be a balance between the annual production and demand for
fresh water. However if the storage creates a limitation there will be a lack of production. In this case
the capacity of the desalination unit is raised in small steps until repeating the calculation above
provides a balance and the minimum capacity required for the desalination plant has been identified.
The minimum capacity necessary will be shown in the input TabSheet of EnergyPLAN and the user will

be allowed to input a higher value to allow for better integration. However if one inputs a smaller value
the EnergyPLAN model will replace it with the necessary minimum value.

The hourly demand for salt water (wsait) as well as the production of brine (wgrine) and the demand for
electricity (dpesaunation) is then found as follows:
Wsart = Werest / SHARErres
Warine = Wsair * SHAREgrine
dDESALINATION = WEFRESH * HDESALINATION

Afterwards, based on the hourly production of brine (wgrine), the brine storage content (sgrine) and the
maximum electricity production on the turbine (erursine) is found as follows:

eruraine = MiN [ ( prursine * Serine ), Crureine

o— *
SBRINE -= SBRINE + WBRINE (I)BRINESTORAGE - €TURBINE

If sgrine > Serine then Sgrine := Serine

4.2. Supply

Once the demands have been defined, the user must design the supply side of the energy system. Here
the user constructs different types of electricity, heat, cooling, and fuel production plants. Technical
characteristics such as the capacities and efficiencies are typically required for each plant, while in
some cases, a predefined hourly distribution is also necessary.
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4.2.1. Heat and Electricity
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Energy production units

Ccrp2 = CHP capacity (MWe) in district heating group 2

Ts2 = Boiler capacity (MJ/s) in district heating group 2

Ccrps = CHP capacity (MWe) in district heating group 3

Tss = Boiler capacity (MJ/s) in district heating group 3

Crp = Power Plant capacity (MWe)

pe1 = Thermal efficiency, Boiler in district heating group 1

Lienp2 = Electric efficiency, CHP in district heating group 2

pcnr2 = Thermal efficiency, CHP in district heating group 2

ps2 = Thermal efficiency, Boiler in district heating group 2

Uenps = Electric efficiency, CHP in district heating group 3

pcrrs = Thermal efficiency, CHP in district heating group 3

ps3 = Thermal efficiency, Boiler in district heating group 3

pee = Electric efficiency, Power Plant

Qu, .... Q3 = Annual excess heat production from industry to district heating groups 1, 2 and 3.
Ecshpi, ... Ecsups = Annual excess electricity production from industrial CHP (CSHP)

Heat storage
Spn2 = Capacity, Heat storage in district heating group 2 (GWh)
Spns = Capacity, Heat storage in district heating group 3 (GWh)
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Capacities and operation efficiencies of CHP units, power stations, boilers and heat pumps are defined
as part of the input data. The size of heat storage capacities is also given here.

Cpp is the total sum of power plant capacity and CHP capacity in group 3. In the absence of district
heating demand in group 3, the CHP capacity can be turned into purely condensing power plant
capacity. Often CHP plants in city areas form part of extraction plants.

4.2.1.1. Industrial CHP

Heat production for district heating groups is given priority along with solar thermal and heat
production from waste as explained in section 5.5 (for group 1) and in sections 6.2.1 and 7.4 (for groups

2 and 3).

Electricity production can be specified for each of the three district heating groups. However, they are
all fed into the grid and given priority along with renewable energy resources such as wind power.
Other units such as CHP and power plants will adjust their production accordingly if possible (given the
specified simulation strategy), and if this cannot be done, excess electricity production will be

exported.

4.2.2. Central Power Production
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Input

Condensing Power Plants

Cep2 = Power Plant capacity 2 (MWe)
Wep2 = Electric efficiency, Power Plant 2

Nuclear

Cnuclear = Capacity of the Nuclear Power Electricity Generator in MW

Unuclear = Efficiency of the Nuclear Power station.

FACnucear = Correction factor between production and capacity

PARnucear = Percent of the capacity that can be reduced. Works as a CEEP regulation.

Geothermal

Caeothermal = Capacity of the Geothermal Power Electricity Generator in MW
WGeothermal = Efficiency of the Geothermal Power station.

FACgeothermal = Correction factor between production and capacity

Hydro power

Chydro = Capacity of Electricity Generator in MW

Hhydro = Efficiency defined as the conversion from energy in the storage into electricity production.
Shydro = Capacity of the storage in GWh

Whydro = Annual water supply to the storage in TWh/year

Chiydro-pump = Capacity of the Hydro Power Pump in MW

Olydro-Pump = Efficiency of Pump defined as the conversion from electricity to energy in the storage
Shydro-Pump = Capacity of the lower water storage in GWh

Transmission line capacity:
Cimp/exp = Import/export transmission line capacity

In this input tab sheet, one can specify power-alone units additional to the CHP3 and PP unit already
specified in the Heat and Electricity production input tab sheet. PP2 represents an option to have
another power plant additional to PP in case the fuels and/or the operation costs are different.

Furthermore, one can specify nuclear, geothermal and hydro power input including reversal hydro
power.

Transmission line capacity™ M aximum imp. /exp. cap: 1600 M

External wish for import export defined by hourly distribution: | Change distribution | zero.tst

Export Import
Annual External ‘Wish 0.00 0.00 Twhdyear
Potential given transmission line 0,00 0,00 TWhiyear

As a new feature (implemented in version 15.1), one can specify a request for external import/export
defined by an hourly distribution. In this way, the EnergyPLAN model can quantify the system’s ability
to provide balancing for an external system.
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The purpose is to make it possible for one country/system to assist in the balancing of another
country/system, e.g. to use the flexibility of Norwegian hydropower to balance a Swedish, Danish or
European system.
Using the feature requires an hourly distribution file, which can have both negative and positive
numbers:

- Positive numbers means a request for export out of the internal system (i.e. import into the

external system)
- Negative numbers means a request for the opposite

The distribution is by default zero, using the distribution file zero.txt.
The external file expresses a request for import/export, which may or may not be possible depending
on the internal system.

The import/export is limited to the capacities of the transmission line. As an initial calculation, the
input tabsheet shows both the total request as well as the potential for meeting the request given the
transmission line capacity.

EnergyPLAN includes the request for import/export simply by adding it to the demands when the
electricity production and balancing is calculated. Thus, instead of striving for a net zero, it strives to
meet the specified import/export.

The calculation is only included in the “technical simulation”. In the “market economic simulation”,
such a request should be expressed in the hourly duration of the prices on the external market.

4.2.2.1. Nuclear

Nuclear power units are determined by the following inputs:

Cnuclear = Capacity of the nuclear power electricity generator in MW

Inuclear = Efficiency of the nuclear power station.

dnuclear = Distribution of the electricity production between 8784 hour values
FACnucear = Correction factor between production and capacity

PARNuciear = Percent of the capacity that can be reduced. Works as a CEEP regulation.

The nuclear power station is subject to the condition that it will always be involved in the task of
maintaining grid stability.

The nuclear unit is considered to be running as base load by default, and therefore, the power plant
does not take part in the active regulation. The electricity production of the nuclear unit (enuctear) is

simply defined by the capacity, the hourly distribution and the correction factor:

€Nuclear = I:ACNucIear * CNuclear * dNuclear/ Max(dNuclear)

The correction factor is used to adjust differences between capacity and production. E.g. if the capacity
factor is 0.8 then the maximum production will be 80% of the installed capacity

The efficiency is used only for the calculation of the annual amount of fuel (fnucLear), Which is
calculated by applying the following formula:
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fNuclear = E€Nuclear / INuclear

The fuel consumption is named “Uranium” and is measured in TWh/year in order to be able to
compare it to the consumption of the rest of the units.

Nuclear can regulate a user defined share of its capacity. This is activated as CEEP regulation strategy
resulting in the down regulation of Nuclear in hours with CEEP.

4.2.2.2. Input tab sheet calculation of geothermal power

The geothermal power plant is calculated in the following way:

Geothermal power units are determined by the following inputs:

Caeothermal = Capacity of the geothermal power electricity generator in MW
UGeothermal = Efficiency of the geothermal power station.

daeothermal = Distribution of the electricity production between 8784 hour values
FACGeothermal = Correction factor between production and capacity

The geothermal power station is subject to the condition that it will always be involved in the task of
maintaining grid stability.

The geothermal unit is considered to be running as base load, and therefore, the power plant does not

take part in the active regulation. The electricity production of the geothermal unit (€Geothermal) iS Simply
defined by the capacity, the hourly distribution and the correction factor:

€Geothermal = FACGeothermal * CGeothermal * dGeothermal/ Max(dGeothennal)

The correction factor is used to adjust differences between capacity and production. E.g. if the capacity
factor is 0.8 then the maximum production will be 80% of the installed capacity

The efficiency is used only for the calculation of the annual amount of fuel (fgeotherma), Which is
calculated by applying the following formula:

fGeothermal = €Geothermal / MGeothermal
The fuel consumption is named “Geothermal” and is measured in TWh/year in order to be able to
compare it to the consumption of the rest of the units.
4.2.2.3. Input tab sheet calculation of hydro power

The hydro power plant is identified by an hourly distribution of the annual water input (Whydro), @ water
storage capacity (Suydro) and the capacity (Cruyaro) and efficiency (uuyaro) of the generator.

Based on such input, the potential output is calculated simultaneously by the procedure described in
the following.

First, the average hydro electricity production (enydro-ave) is calculated as the output of the average
water supply (Annual water supply divided by 8784 hours/year):
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€Hydro-ave = HHydro * WHydro / 8784

Then the program calculates the hourly modelling of the system, including the fluctuations in the
storage content. Furthermore, the hydro power production (enydro) is modified in accordance with the
generator capacity, the distribution of the water supply, and the storage capacity in the following way:

Hydro storage content = Hydro storage content + Whydro

€Hydro = MAX [eHydro-ave , (Hydro storage content - Suydro)* HHydrol

€Hydro <= CHydro

Due to differences in the storage content at the beginning and at the end of the calculation period,
errors may appear in the calculations. To correct these, the above calculation seeks to identify a
solution in which the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is

defined as the resulting content at the end of the former calculation.

The annual potential production of the hydro power plant is calculated and shown in the input tab

sheet.

4.2.3. Variable renewable electricity
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Input

Variable Renewable Electricity

Cres1, ....Cres7 = Electricity capacit from Renewable Energy Resources
Stabgess, ....Stabgesy = Share of RES capacity with grid stabilisation capabilities
FACges1, ....FACres7 = Correction factor of RES production”

Concentrated solar power

Qcsp = Solar input

Scsp = Storage capacity for CSP unit
LOSScsp = Loss in solar storage

Ccsp = Capacity of CSP plant
pese = Efficiency of CSP
Stabcsp = Share of CSP capacity with grid stabilisation capabilities

The input data set defines input from RES and hydro power. One can choose inputs from up to seven
different renewable energy sources. By pressing the button, the following specification can be
attached to each RES:

- Wind

- Offshore Wind

- Photo Voltaic

- Wave Power

- River Hydro

- Tidal

- CSP Solar Power

Input to the electricity production is identified by the capacity of each RES and by the name of the
distribution file. In the case that the RES contributes to grid stabilisation, a share between 0 and 1 can
be given.

In the above option, CSP is without storage. However, one can also specify CSP with storage using the
input fields below. In such case CSP becomes an active component in the simulation.

4.2.3.1. Variable Renewable Energy

The electricity production input from variable renewable energy sources such as, e.g., wind power is
found by multiplying the capacity by the specified hourly distribution. The Data Library comprises
different distributions typically found from historical data.

The resulting annual production based on the specified input capacity and distribution is shown on the
input page. However, different future wind turbine configurations would lead to either lower or higher
productions in the same wind years. Therefore, one can choose to specify a correction factor to change
the distribution and increase the annual production. The factor changes the production in such a way
that the productions remain the same at hours with either no production or full production, while the
other values are moderated relatively:

eRes' = €Res *1 / [1 — FACkes * (1 - eRes)]

The same procedure is used for the possible modification of any of the renewable sources.
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In the following diagrams, it is illustrated how the factor modifies the input. The examples are based
on wind power and photovoltaic distributions in the area of western Denmark year 2001. When
defining a capacity of 1000 MW wind power, the annual production becomes 1,96 TWh/year, and
when defining 500 MW photovoltaic power, the annual production becomes 0.50 TWh/year, as shown
inrows 1 and 3 in the input tab sheet below.

Variable R ble Electricit E stimated E.zl;:"dEd

Renewable Capacity:  Stabilisation Distribution profile* Production ~ Comection  [opection E stimated
Energy Source Mw share Twhiyear factor production capacity factor

‘wind v 1000 0 Change | hour_wind_eltra2 1.96 0.8 410 0.47

Phato Yaltaic - 500 0 Change | howr_PYV_elia20( 0,50 08 1.01 0.23

Dffshore Wind - 1] 0 Change | hour_wind_2 txt 0,00 0 0.00 0.00

River Hydro - 0 0 Change | const tet 0,00 0 0,00 0,00

Tidal - 0 0 Change | hour_tidal_power 0,00 0 0.00 0.00

‘Wave Power - 0 0 Change | Hour_wave_200° 0,00 0 0,00 0,00

CSP Solar Power - 0 0 Change | Hour_solar_prod1 0,00 0 0,00 0.00

If adding a correction factor of, e.g., 0.8, the hourly production is modified as illustrated in the two
following diagrams. The 0 values and the maximum values of 1000 MW are kept, while all values in
between those are raised in accordance with the formula described above.

As a result, annual productions are raised to 4.10 TWh/year for wind power and 1.01 TWh/year for
photovoltaic power. It should be mentioned that the factor 0.8 is very high especially for photovoltaic
power. However, such a high factor is suitable for the illustration of the modification principle.
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4.2.3.2. Concentrated Solar Power

The Concentrated Solar Power plant (CSP) is identified by an hourly distribution of the annual solar
thermal input (Qcsp), a thermal storage capacity (Scsp) and the capacity (Ccsp) and efficiency (pcsp) of
the power generator. Moreover, one can specify the losses of the storage (LOSScsp) in percent per hour
of the content and the share of the installed CSP units, which can supply grid stability (Stabcsp).

Based on such input, the potential output is calculated simultaneously by the procedure described in
the following.

First, the demand for solar thermal from the storage (Scsp-demand) is defined on the basis of the maximum
production capacity: calculated as output of the annual solar thermal input(Annual solar thermal input

divided by 8784 hours/year):

Scsp-demand = Ccsp / HHydro
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Then the program calculates the maximum potential production from the CSP unit taking into
consideration the storage losses in the following way:

If qcsp > Scsp-demand then ecsp = Scsp-demand * HHydro
If gcsp < Scsp-demand then ecsp = (qcsp + storagecontent) * ydro

If ecsp > Ccsp then ecsp = Cesp

Storagecontent(x) = storagecontent(x-1) + qcsp - Ccsp / Hhydro
Storageloss = Storagecontent(x) * LOSScsp/100;
Storagecontent(x) = storagecontent(x) - storageloss
If storagecontent > Scsp  then Storageloss = Storageloss + (Storagecontent(x) - Scsp)
Due to differences in the storage content at the beginning and at the end of the calculation period,
errors may appear in the calculations. To correct these, the above calculation seeks to identify a
solution in which the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is

defined as the resulting content at the end of the former calculation.

The annual losses in the storage and the potential production of the CSP plant is calculated and shown
in the input tab sheet.
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4.2.4. Heat Only
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Qsolar1, --.-Qsolars = Annual heat production from solar thermal in district heating groups 1, 2 and 3.
SHAREsoar1, -... SHAREsoiar3 = Share of district heating with solar thermal in groups 1, 2 and 3.

Heat storage

Shssolar1 = Capacity, Heat storage for solar thermal in district heating group 1 (GWh)

Sussolarz = Capacity, Heat storage for solar thermal in district heating group 2 (GWh)

Sussolars = Capacity, Heat storage for solar thermal in district heating group 3 (GWh)

LOSSkssolar1, --.-LOSSHssolars = Losses in Heat storage for solar thermal in district heating groups 1, 2 and 3.

Compression Heat Pumps

Onps = COP, heat pump in district heating group 3

Onp2 = COP, heat pump in district heating group 2

Cup2 = Heat pump capacity (MWe) in district heating group 2
Cups = Heat pump capacity (MWe) in district heating group 3

Geothermal from Absorption Heat Pumps
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Qanp1, Qanrz, Qanps = Annual heat production from geothermal absorption heat pumps in district
heating groups 1, 2, and 3

Industrial Excess Heat
Qen1, Qerz, Qens = Annual heat production from industrial excess heat in district heating groups 1, 2,
and 3

In the heat only tab sheet one can define solar thermal, compression heat pumps, excess heat from
industry and geothermal heat only inputs. All of them are divided into the three district heating groups.

4.2.4.1. Input tab sheet calculation of solar thermal in district heating systems

The annual solar thermal production is defined for each group and includes heat storage capacity and
losses. The share of solar is a figure between 0 and 1 defining the share of district heating demand with
solar thermal production within each of the DH groups. A common hourly distribution for all three
groups is specified.

The solar thermal input cannot always be utilised. It depends on the hourly distributions of the heat
demand, the solar thermal production, the heat storage and the losses. The share of the solar thermal
production, which can be utilised, Q’solar, is calculated simultaneously in the input tab sheet for each
of the three district heating groups. If the solar production at one hour exceeds the demand, the excess
production is stored (if possible). And when the solar production is lower than the demand, the model
seeks to empty the storage. The sequence is repeated to identify a solution in which the content of the
storage in the beginning of the year equals the content by the end of the year:
q’oH = don * SHARESsolar
If gsolar < G'pn then q'solar = gsolar + Min[StorageContent, (q’ox — Gsolar)]
If Qsolar > q'pH then q’solar = q'bH + (Shssolar - StorageContent)
StorageContent := StorageContent + qsolar — 9’bH

If StorageContent > Syssolar then StorageContent = Syssolar

StorageContent:=StorageContent- StorageContent * LOSShssolar1 /100;
Q'solar = Z qsolar
Q'solar is shown in the input tab sheet for each of the three groups, and q’solaris applied subsequently

to the energy system analysis.

4.2.5. Fuel Distribution

The fuel distribution for boilers, CHP and power plants is defined in the “Thermal Plant Fuel
Distribution” window. Each plant is represented by a different row, while the type of fuel is
represented by the column. There are two ways to define each fuel: Variable and Fixed.
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If ‘Fixed’ is selected, then the exact value you enter is defined as the amount of fuel consumed by the
plant. For example, the inputs below define that CHP3 consumes exactly 2 TWh of coal. However, if
‘Variable’ is selected, then the fuel is proportioned evenly with other variable fuels. For example,
below, oil, gas and biomass are all defined as variable. Hence, the fuel distribution is proportioned
across these fuels according to their inputs. In this case, the distribution is 2, 2 and 4 for oil, gas and
biomass, respectively. Hence, when EnergyPLAN completes a simulation, 25% of the CHP3 fuel will be
oil, 25% gas and 50% biomass (according to the proportions of 2, 2 and 4). Remember, this proportion
will be applied to the total fuel for CHP3 minus 2 TWh for coal, since this is a fixed value.

It is possible to use electrofuels directly in the thermal plants as a fixed amount. The amount will
appear in the Electrofuel sheet.

Moreover, it is possible to use hydrogen in the thermal plants. The amount will appear in the Hydrogen
sheet as a demand for hydrogen to be produced by the electrolysers.

If fixed demands (inlcuding electrofuels and hydrogen) exceed the final fuel demand after the
simulation, the fuel demands are reduced accordingly. Hydrogen and Electrofuels are given priority
over the others.

Distribution of fuel ~ Coal ail Ngas Biomass Electrofuels(0il] *] Hydrogen **]
(Twhiyear) | Fixed | | Variable | | Variable | | Variable R REEE,
DHP 0 0 0 0 0 a DHP: Boilers in district heating group 1.
CHP2 0 0 0 0 0 a CHP2: Combined heat and power in district heating group 2.
CHP3 2 2 2 4 0 a CHP3: Combined heat and power in district heating group 3.
Boiler2 0 0 a i} 0 a Boiler2: Boilers in district heating group 2.
Boailer3 1] 0 i} 0 0 a Boiler3: Boilers in district heating group 3.
PP1 0 0 i} 0 0 a PP1: Condensing mode operation of combined heat and power in district heating group 3.
PP2 0 0 1} 0 0 a PP2: Condensing power plant in 'Electricity only'
Regl Allow for import/export of H2 for PP and PP2

*] Replace only Oil - will be adjusted if the Oil demand is not big enough
**] Speficy a demand for the production of electrofuels and hydrogen which must be met in the “Liquid and Gas Fuels" Tabsheet

*) Replace all fuels - will be adjusted if the total fuel demand is not big enough

If hydrogen is lower than the input value after the simulation, the model will seek to lower the
hydrogen demands for the thermal units except for PP1 and PP2. It will often be possible for
EnergyPLAN to identify a balance.

If hydrogen is also lower for PP1 and PP2 after simulation, the model exports the excess hydrogen
production. However, one can make use of the Regl button

Fegl Allow for import/export of HZ for PP and PP2

and change it to Reg2:

Rea? Try by iteration to find a solution with zero import/export of HZ for PP and PP2

In this case, EnergyPLAN will try by iteration to identify a balance by lowering the hydrogen demand
also for PP1 and PP2 until a balance is reached. However, please note that this can only be successful
if there is enough power from other sources and/or import to produce the electricity input for the
electrolysers.
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4.2.6. Waste

(gl EnergyPLAN 14.0: Startdata _Yo)(x
(ﬂ - EnergyPLAN 14.0; Startdats
Home | AddOnTools  Help o
ﬂ [‘ @ Open ﬁ Ef @ ﬂﬂ ﬁ i = Fek Show Hints=
+ B save = Show Hourly Values
Home  New Settings Notes Web Run Run Run Run Treeview | Tabs
B save As (Clipboard) (Screen) (Print) (Serial)
| General |} Run I View J
warnings Appear Here:
] QOverview
= Demand Waste Incineration
Electricity Waste is defined geograhical on the thres district heating groups. Dnly one hour distribution can be defined and storage of wasts is not considered an option
Es;:‘:g Heat production is utiised and given priority in the respective district heating groups. - Electricity production is fed into the arid. Biofuel production for transportation is transfered to the transportation window.
‘ndm’; el Fuel find biofueks for CHP and boliers is substiacted from the fuels in the respective distict heating gioup. "arious" represent non eneray produets such as food.
Transport The ecanomic value is substrated from the cost of the waste energy recource.
\Water Strategy CHP Baier
= Supply Distiibution of Waste: | Change const.txt 1.Coal/2 Biomass
Heat and Electricity .
Cenral Power Production Fuel Substitution
Variable Renewable Electic
Heat Only I Wasteinput  DH production Electricity production Biofuel ransportation Biofusl CHP-Boiler Warious [Food etc ) Incare from Various*
Fued Distibution Unit Twhivear  Efficiency  TWhiyear Effiviency  TWhiyear  Efficiency Twhiyear  Efficiency  Twhiyear Eficiency  Twhivear MDKK/Twh  MDKK
B GroupT: [0 08 o o oo o [ T 000 0 oo o 00
- Liquid and Gas Fuels
on2 Gowp2 |0 03 o o 0o o [ T 000 0 oo o 00
- Balancing and Storage
) Cost Group3 [0 08 0 o 0o o 0 0.00 0 o 000
;- Simulation Totak 0.00 0.00 0.00 0.0 0.00 0.00 0.00
- Dutput
Geothermal operated by absorption heat pump on steam from waste CHP plants
DH production Electiicity production  Steam for Heat Pump Heat Pump (CHF) Steam storage Heat Pump on steam from storage
Urit Eficiency  Twhiyear Effiviency  Twhiyear  Efficiency Twhiyear Cop Mg Gwh Loss (%) coP
Group 2 0 000 o 0o o 0 0 0 0 0
Group 3 0 000 o oo o 0o o 0 0 0 0
[«] ] [+ ]

Fwi, Fwz, Fws = Annual input of waste fuels divided into the three district heating groups

pwi, Pwz, Pws = Efficiencies (thermal) of waste conversion

Mwi, Mwa2, Lws = Efficiencies (electric) of waste conversion

w1, Ww2, Yws = Efficiencies (waste to biofuel for transport) of waste conversion

Nw1, NMwz, Nws = Efficiencies (waste to biofuel for CHP and boilers) of waste conversion

Twi, Tw2, Tws = Efficiencies (waste to various non-energy products) of waste conversion

Pwi1, Pw2, Pws = Prices of various non-energy products (MDKK/TWh)

pwz-ceo, Pwa-ceo = Efficiencies (thermal) of waste conversion when also producing steam for geothermal HP
Mw2-ceo, Mws-ceo = Efficiencies (electric) of waste conversion when also producing steam for geothermal HP
Gow2-6eo, Ows-ceo = Efficiencies (steam) of waste conversion (Used geothermal HP)

P6Eo-steam, Peeo-steam = COP of geothermal HPs when provided with steam directly from Waste CHP
PGe0-Steamstorage, PGEO-Steamstorage = COP of geothermal HPs when provided with steam from steam storage
Sceo2, Sceos = Steam Storage Capacities (GWh)

LOSSceo02, LOSScros = Energy Losses from Steam Storage in per cent/hour (GWh)
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Waste is considered as biomass energy, which cannot be stored but has to be burned regularly. Waste
is divided geographically into three district heating groups, and only one hourly distribution can be
defined.

Waste can be converted into the following:

- heat production, which is given priority in the three district heating groups

- electricity production, which is being fed into the grid

- biofuels (fluid) for transport, which are transferred to the Input Transport tab sheet

- biofuels (solid) for CHP and boilers, which are subtracted from the fuels in the respective DH groups
- Various (non-energy) products, which are given an economic value.

(In the case that one wants to include the conversion of waste to syngas, one can include the waste as
biomass in the Biomass Conversion Tab Sheet).

The following input must be given to the model:

- The waste resources divided geographically between the three district heating systems mentioned
above.

- Efficiencies specifying the quantity of the waste input resources converted into the following four
energy forms: Heat for district heating, electricity, fuel for transport and fuel for CHP and boilers.

- An hourly distribution of the waste input (heat and electricity output)

Moreover, one can specify an additional non-energy output (such as animal food), which will then be

given an economic value in the feasibility study.

Basically, the model assumes that waste cannot be stored and has to be converted in accordance with
the specified hourly input. Consequently, the energy outputs are treated in the following way:

Heat production for district heating is given priority along with solar thermal and industrial waste heat
production. If such input cannot be utilised because of limitations on demand and heat storage
capacity, the heat is simply lost.

Electricity production is fed into the grid and given priority along with renewable energy resources
such as wind power. Other units such as CHP and power plants will adjust their production accordingly,
if possible (given the specified simulation strategy), and if not, excess electricity production will be
exported.

Fuel for transport is calculated and the used fuel will subtract the petrol accordingly and, at the same
time, adjust to differences in car efficiencies, if any.

Fuel for CHP and boilers is automatically subtracted in the calculation of fuel in the relevant district
heating groups.

Geothermal energy for District Heating in combination with Waste CHP

One can specify a geothermal heat production operated by the use of an absorption heat pump fuelled
by steam from the waste CHP plants in District Heating groups 2 and 3. The option is defined by the
following input data:

- alternative electric, thermal and steam efficiencies of the Waste CHP plant

- A COP of the absorption heat pump defined as the heat output divided by the steam input

The waste CHP plant will still burn all the waste input in accordance with the specified hourly input.

However, the CHP plant can now be operated linearly between the two operation modes, with or
without steam production and with high or low electricity and thermal outputs.
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Moreover, one can specify the option of steam storage by defining a capacity and an energy loss if any.

In simulation strategies 1 and 4, the system is operated in the following way: If the thermal output
from the Waste CHP exceeds the district heating demand and if it is possible to store steam, the CHP
will decrease electricity and heat production and increase steam production accordingly, as the steam
is stored. If the heat demand exceeds the thermal output from Waste CHP (and industrial waste heat
and solar heating), the geothermal production will cover as much as possible only limited by the
capacity of the absorption heat pump and the heat demand. First, the absorption heat pump will use
steam from the storage and, subsequently, steam from the Waste CHP obtained by decreasing
electricity and heat productions.

In simulation strategies 2 and 3, additionally to the above simulation, the Waste CHP will decrease
electricity production in the case of excess electricity productions in the system, if the steam storage
is available.

4.2.6.1. Calculation of waste fuel outputs

The biofuel outputs are calculated in the following way and the fuel for transport is transferred to the

Transport tab sheet:
FT—Waste = FW1 * Ywi + FW?2 * Yw2 + FW3 * Yws
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4.2.7. Liquid and Gas Fuels

4.2.7.1. Biofuels
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Faiobiesel = Annual bio diesel production (TWh/year)

SHARED siopiesel = Annual input of electricity to bio diesel plant in share of dry biomass input
Wsiobiesel = Biomass-to-biodiesel efficiency (diesel output divided by biomass input)

Tiobiesel = Dry biomass-to-biomass efficiency (biomass output divided by dry biomass input)

Faiopetrol = Annual bio petrol production (TWh/year)

SHARED.giopetrol = Annual input of electricity to bio petrol plant in share of biomass input
SHAREsTeam-giopetrol = ANnual input of steam to bio petrol plant in share of biomass input
Asiopetrol = Production of steam efficiency (steam output divided by biomass input)
Wsiopetrol = Biomass-to-bio petrol efficiency (petrol output divided by biomass input)
Teiopetrol = Biomass-to-food efficiency (petrol output divided by biomass input)

Prood = Price of food (E.g. DKK/MWh)

SHAREDH3-siopetrol = Annual output of heat to DH gr3 in share of biomass input

Fsiosp = Annual bio jet jetrol production (TWh/year)

SHAREDp.sio)p = Annual input of electricity to bio jet petrol plant in share of biomass input
SHAREsTeam-ios = Annual input of steam to bio jet petrol plant in share of biomass input
Asiosp = Production of steam efficiency (steam output divided by biomass input)

Wsio)p = Biomass-to-bio jet petrol efficiency (petrol output divided by biomass input)
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Teiosp = Biomass-to-food efficiency (jet petrol output divided by biomass input)
Prood = Price of food (E.g. DKK/MWh)
SHAREDH3-8i0o)p = Annual output of heat to DH gr3 in share of biomass input

The biofuels input tab sheet is divided into Biodiesel, BioPetrol (i.e. bioethanol) and bio-jetfuel plants.
For all plants, the annual electricity demand is either specified or given in terms of the share of the
biomass input and is calculated as e.g.:

DBioPetroI = FBioPetroI—Biomass * SHARED—BioPetroI
The hourly electricity demand is calculated using the specified hourly distribution and is added hour
by hour to the electricity demand specified in the Electricity Demand tab sheet.

dBioPetrol = DBioPetrol * BBioPetrol /2 6BioPetrol

4.2.7.1.1. Biodiesel Plant

The biomass for biodiesel is simply calculated as follows

FBioDies,eI-DryBiomass = I:BioDiesel / WBioDiesel

The model also includes a biomass fuel share resulting from the bio diesel production, which is
calculated in a similar way to the bio diesel output:

Faiobiesel-Biomass = Fgiopetrol-DryBiomass * TBioDiesel
The biomass fuel output is subtracted from the biomass fuel used for power stations, etc., when

calculating the resulting primary energy balance.

4.2.7.1.2. Bio Petrol Plant

The district heating production is calculated hour by hour and added to the CSHP and solar production.
Biopetrol plants are assumed to be located only in connection to district heating group 3:

— *
QBioPetroI-DH3 = FBioPetroI-Biomass SHAREDH3-BioPetroI

OBioPetrol-DH3 = QBioPetrol-DH3 ¥ OBioPetrol-DH3 / % OBioPetrol-DH3

The district heating output is calculated as a share of the total biomass input and not the biomass input
subtracted the biomass used for steam production, as in the case of the calculation of biopetrol and
syngas.

With regard to electricity and steam and district heating output, the calculations are the same as
described for the gasification plant above. In a similar way, the biomass fuel for steam production is

added when calculating the consumption of biomass:

Fgiopetrol-Biomass = FBioPetroI / BioPetrol t+ FBioPetroI-steam
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The model also includes a food bi-product of the bio petrol production, which is calculated in a similar
way to the bio petrol output:

- *
I:BioPetroI—Food = (FBioPetroI-Biomass - FBioPetroI—steam) TBioPetrol

The food bi-product is subtracted from the biomass fuel input in the calculation of the resulting primary
energy balance. With regard to cost, the total biomass input to bio petrol production is included in the
fuel cost, which is based on the price for biomass specified in the fuel cost tab sheet (see later). The
model calculates the value of the food bi-product in the following way:

= *
ABioPetroI»Food = FBioPetroI-Food Prood

The value of the food bi-product is subtracted from the fuel costs when calculating the total costs.

4.2.7.1.3. Bio JP (Jet Petrol) Plant

The Bio jet petrol plant is calculated in the same way as the BioPetrol Plant.

4.2.7.2. Biogases
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Input

Dgiogas = Annual electricity demand for biogas plant (TWh/year)

Hsiogasb1, ---Heiogasons = Annual district heating demand for biogas in groups 1, 2 and 3 (TWh/year).
Faiogas = Annual biogas production (TWh/year)

Fpiogas-wetsiomass = Annual input of wet biomass to biogas production (TWh/year)

Feiogas-Drysiomass = Annual input of solid biomass to biogas production (TWh/year)

Kaiogas = Biogas to grid gas quality efficiency

Feyrolysis-Biogas = Annual output of biomass from Biogas to Pyrolysis (TWh/year)

Faasi-siomass = Annual input of biomass to gasification production (TWh/year)
SHAREDp.gasi = Annual input of electricity to gasification plant in share of biomass input
SHAREsTeam-casi = Annual input of steam to gasification plant in share of biomass input
Acasi = Production of steam efficiency (Steam output divided by biomass input)

Yeasi = Cold gas efficiency (Gas output divided by biomass input)

Ceasi-vax = Capacity of the gasification plant (MW)

SHAREpHs-gasi = Annual output of heat to DH gr3 in share of biomass input

Ksyngas = Syngas to grid gas quality efficiency

Cngas-storage,= Capacity of gas storage connected to the gas grid (GWh)

The user can define the production of gas from bioenergy under the biogasses tabsheet. Two plants
are currently considered: biogas plants and gasification plants.

For both plants, the annual electricity demand is added in the same way as for biofuel plants (see

previous section). For the Biogas plant, the heat demand for each of the three district heating groups
is calculated:

hBiogaspi3 = HBiogasDH3 * OBiogas-DH3 / 2 OBiogas-DH3

4.2.7.2.1. Biogas

The biogas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
biogas used for hydromethanation (See section 4.2.7.3):

= *
FBiogas-to-NgasGrid = (FBiogas - FBiogas-for-HydroMethanation) KBiogas

If electricity and/or heat are needed in the upgrading process, such demands will have to be included
in the specified electricity and heat demands.

An output from Biogas to Pyrolysis is defined as an input. This could be excess biomass outputs in the
case of, e.g., dry biomass inputs in the form of straw.

Biomass conversion plants

Biogas Flant Biogas Biogas production iz uged az Primary Energy Congumption

The Wet and Solid biomass input represents, e.g., manure (Wet) and biofuel crops such as, e.g., straw,
grass or corn (Dry). In many biomass resource estimates, biogas is measured in the potential biogas
production. However, it may also be relevant to distinguish between wet and solid biomass input.
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Consequently, one has the option to choose whether to include either the one or the other in the
resulting primary energy balance. Such choice is made by activating the button at the top.

In the calculation, upgraded biogas is subtracted from the natural gas consumption. However, if one
wishes to use the biogas directly without upgrading it, one may simply set the biogas-to-Ngas efficiency
at 1.

4.2.7.2.2. Gasification Plant

Similar to the biopetrol plants, the gasification district heating production is calculated hour by hour
and added to the CSHP and solar production. Also, like biopetrol plants, the gasification plants are
assumed to be located only in connection to district heating group 3. The district heating output is
calculated as a share of the total biomass input and not the biomass input subtracted the biomass used
for steam production, as in the case of the calculation of biopetrol and syngas.

The biomass input represents resources such as woodchips or straw and the price is defined in the fuel
cost input tab sheet (see later). Gasification needs an input of steam in the production process. Such
steam may be produced efficiently in combination with steam for CHP production at large power
stations or it may be produced in separate boilers. Consequently, one can specify the steam efficiency.
If one assumes that the production is integrated with large CHP plants, such efficiency may be set to,
e.g., 1.25 representing the additional fuel input to the CHP plant. If one assumes that the production
comes from separate boilers, the efficiency should be set to, e.g., 0.9 representing the boiler efficiency.

The fuel used for steam production is consequently calculated as follows:

Fgasi-steam = (Fgasi-Biomass * SHAREsteam-Gasi) / Acasi

When calculating the syngas output, the fuel used for steam production is subtracted from the biomass
input:

= *
FSyngas = (FGasi—Biomass - FGasi—steam) 'YGASI

The syngas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
gasification gas used for electrofuels (See section 4.2.7.4):

- *
I:Syngas-to-NgasGrid = ( I:Syngas_ I:gasigas-for—Hydrogenation) Ksyngas

Similar to the biogas plant, if electricity and/or heat are needed in the upgrading process, such
demands will have to be included in the specified electricity and heat demands.

Based on the annual production of syngas, the average output is calculated representing the minimum
capacity of the plant. However, one can specify a higher capacity input. If no capacity is specified or if
the capacity is lower than the calculated minimum capacity, the model disregards the input and
assumes investment in the minimum capacity. However, if a higher capacity is specified, the model
uses such flexibility to minimise the import/export of gas upgraded to natural gas quality.
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4.2.7.3. Hydrogen
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Ceic = Capacity of Electrolysers

aeic = Fuel efficiency of Electrolysers (Hydrogen)

peic2 = Thermal efficiency of Electrolysers in district heating group 2
peicz = Thermal efficiency of Electrolysers in district heating group 3
Seicr = Capacity of Electrolysers Fuel Storage

In the Hydrogen input tab sheet, one can specify the electrolysers needed to produce the hydrogen
input for transport and other purposes, which have been specified in some of the other input tab
sheets.

The minimum electrolyser capacity, Ceicmi, is calculated in the following way:

First, the hydrogen production of the electrolyser, fe, is defined as the average hydrogen consumption
of the sum of all hydrogen demands fuz-average

fEIc = fHZ-Average = FHZ/ 8784

Then, for each hour (x), the hydrogen storage content is calculated, sgc(x), as the content of the
previous hour plus the average production minus the actual consumption of the hour:

SEIc(X) = SEIC(X']-) + fHZ—Average - fu2 (X)
If, at one hour, the storage content exceeds the capacity, the production is decreased:

If SElc > SEIc then fEIc :fEIc '(SEIc 'SEIC)
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And if the storage content goes below zero, the production is increased:

If sac < O then fec =fec - Sec
Due to differences in the storage content at the beginning and at the end of the calculation period,
errors may appear in the calculation. To correct these errors, the above calculation seeks to identify a
solution in which the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is

defined as the resulting content at the end of this calculation.

Finally, the minimum electrolyser capacity, Cecm, is identified as the maximum production needed
divided by the fuel efficiency:

Ceiemin = Hourmax( feic ) / cteie
The corresponding electricity demand, dgc, can also be calculated:
deic = feic / Qe

The electricity demand, dg., forms the basis for the further calculation in section 6.7, in which the
electrolysers are used for decreasing excess and power-only production in the system.

If the capacities are too small, the model gives an indication of how much electrolyser capacity is
needed as a warning in the upper left corner. Note that if the capacity of the hydrogen storage is
increased, the need for electrolysers may decrease depending on the hourly profile of the demands.

The electrolysers transform electricity into fuel and heat, if located in connection to district heating.

The electrolysers are defined by capacity, fuel efficiency and thermal efficiency. Moreover, fuel storage
is defined by capacity.

90



4.2.7.4. Electrofuels
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Feozryero-Liquid = Annual production of liquid electrofuels (TWh/year)
Cco2nydro-max = Capacity of the CO, Hydrogenation plant (MW)

FnH3-Liquid = Annual production of ammonia (TWh/year)
AN2capture-Elec = Electricity demand for N2 capture (TWh/Mton)
Y N2Capture-N2Demand = Demand for N, per NH3 production unit (Mton/TWh)

Fsynanyaro-Liquid = Annual production of liquid electrofuels (TWh/year)
Csynydro-max = Capacity of the Hydrogenation plant (MW)
KsynHydro = (Hydrogen+GasificationGas)-to-SyntheticGridGas efficiency

Fsynmethane-Liquid = Annual production of liquid electrofuels (TWh/year)
Csynmethane-max = Capacity of the Hydrogenation plant (MW)
Ksynmethane = (Hydrogen+GasificationGas)-to-SyntheticGridGas efficiency

Feoanydro-Gridgas = Annual production of synthetic gas for the gas grid (TWh/year)

Yco2sequestration-co2pemand = Demand for CO, per synthetic gas production unit (Mton/TWh)
ILco2Hydro-Hydrogendemand = Demand for hydrogen per syntetic gas production unit ((TWh/TWh)
SHAREpH2-co2Hydro, SHAREDH3-co2Hydro = Annual heat to DH gr2 and 3 in share of total electricity demand

LNH3-Hydrogendemand = Demand for hydrogen per NH3 production unit ((TWh/TWh)
SHAREpH2-nH3, SHAREDH3-nH3 = Annual heat to DH gr2 and 3 in share of total electricity demand

Fsynydro-crideas = Annual production of synthetic gas for the gas grid (TWh/year)

YsynHydro-Hydrogenshare = Hydrogen share of total input (Hydrogen plus Gasification gas)

Fsynmethane-Gridgas = Annual production of synthetic gas for the gas grid (TWh/year)

YsynMethane-Hydrogenshare = Hydrogen share of total input (Hydrogen plus Gasification gas)
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Fsynip, Fsynpetrol, Fsynbiesel = Annual production of electro Jet Petrol, Methanol and DME (TWh/year)ksynip, Ksynpetrol,
Ksynpiesel= Additional conversion losses

The Electrofuel tab sheet covers synthetic gas and liquid fuel production and includes plants and units
which convert hydrogen and biomass, in terms of biogas and gasification gas, into synthetic grid gas
and liquid electrofuel, such as methanol, DME and jet petrol.

Hydrogen, biogas and gasification gas are transferred from the Hydrogen and biogases tab sheets.
Synthetic grid gas is produced for the gas grid and electrofuels are transferred to the transportation
tab sheet.

For each of the units, the following initial calculations are made simultaneous with the entry of inputs
into the tab sheet:

4.2.7.4.1. CO: Hydrogenation Plant

The CO2 and the Hydrogen demands for CO; capturing is calculated from the specified efficiencies in
terms of CO2 demand per synthetic gas production or liquid fuel production (Mton/TWh) and
Hydrogen demand (TWh/TWh):

COZCOZHydro—demand = FCOZHydro-GridGas * YCco2Sequestration-CO2Demand
HZCOZHydro—demand = I:COZH\/dro-GridGas * Lco2Hydro-Hydrogendemand
The necessary minimum capacity of the CO, Hydrogenation plant is calculated as the average of the
annual production:
CCOZHydro-Average = COZCOZHydro—demand * 1000000 / 8784
The contribution to district heating in groups 2 and 3 is calculated hour by hour and added to the CSHP

and solar production. When calculating the hourly distribution, a constant output is assumed.

- *
Qco2Hydro-bH3 = Dcozrydro-sum * SHAREbH3-co2Hydro

q cozmydro-oH3 = Q co2rydro-onz ¥ 1000000 / 8784

4.2.7.4.2. Hydrogenation of Gasified Biomass and Biogas:

The initial calculations regarding hydrogenation of gasified biomass and biogas are similar and here
illustrated for the hydrogenation of syngas from biomass gasification.

The total demand for both hydrogen and gasification gas is calculated:
I:SynHydro»TotaIInput = FSynHydro-GridGas / KSynHydro

The separate demands for hydrogen and gasification gas are then found:
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= *
FSynHydro-Hydrc::genDemand = FSynHydro-TotaIInput YsynHydro-HydrogenShare
Fgasigas-for-Hydrogenation = I:SynHydro-TotaIInput - FSynHydro-HydrogenDemand

The necessary minimum capacity of the Hydrogenation plant is calculated as the average of the annual
production:

CSynHydro—Average = FSynHydro-GridGas * 1000000 / 8784
The resulting demands for biogas and gasification gas are transferred to the Biogases Conversion tab
sheet and subtracted in the productions before being upgraded to grid gas quality, as described in
section 4.2.7.1.

4.2.7.4.3. Liquid electrofuel synthesis

For all three types of liquid electrofuels (methanol, DME and electro JP), the output and potential extra
losses are specified and the resulting demand for liquid fuel demand calculated as:

FLiquid = FSynJP/KSynJP + FSynPetroI/ KsynPetrol + I:SynDiesel/KSynDiesel
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4.2.7.5. HTL and Pyrolysis
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Fhti-siomass = Annual input of biomass to HTL (TWh/year)

Frti-waste = Annual input of Waste to HTL (TWh/year)

KHTL-Hydrogen = Hydrogen input per biomass input

aurp = JP output per biomass input

OuTL-sioDiesle = Bio Diesel output per biomass input

OluTL-Methanol = Methanol output per biomass input

OluTL-BioPetrol = Bio Petrol output per biomass input

OlnTLsyngas = Syngas output per biomass input

purL = Thermal efficiency of HTL - input to district heating group 3
Kaiogas-HTL = OUtput of biomass from HTL to Biogas per biomass input

Fpyrolysis-Biomass = Annual input of biomass to Pyrolysis (TWh/year)

Feyrolysis-waste = Annual input of Waste to Pyrolysis (TWh/year)

Feyrolysis-Biogas = Annual output of biomass from Biogas to Pyrolysis (TWh/year)
Olpyrolysis-syngas = SYNEAs output per biomass input

O pyrolysis-p = JP output per biomass input

O pyrolysis -Biobiesle = Bi0 Diesel output per biomass input

Kpyrolysis-Biochar = OUtput of Biochar from Pyrolysis (Mt Biochar/TWh Biomass input)
Kpyrolysi-co2 = CO> equivalent of Biochar from Pyrolysis (Mt CO2 / Mt Biochar)
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The HTL and Pyrolysis tab sheet covers synthetic gas and liquid fuel production as well as Biochar from

HTL and Pyrolysis. Moreover, it allows for the inclusion of hydrogen as an intregrated part of HTL.

Inputs in the form of Biomass and waste is included in the primary fuel consumption of the system.
Inputs in form of Hydrogen is requesting a similar input/production by electrolysers in the Hydrogen
tab sheet. Outputs in the form of biofuels is transferred to the Transport demand input tab sheet.
Outputs in the form of syngas is transferred as inputs to the biogas tab sheet.

Finally, Pyrolysis allows for biomass outputs from biogas plants and HTL produce inputs to the same

biogas plants.

4.3. Balancing and Storage

4.3.1. Electricity
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Electric grid stabilisation requirements:

Stabrotal = Demand for grid-stabilising units in percentage of total electricity production
Stabcpz = Share of CHP2 units which can provide grid stabilisation
LIMITyp = Maximum heat production form heat pumps
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Stabwaste = Share of Waste CHP units which can provide grid stabilisation

Staby,s = Share of V2G and EV (Electric Vehicle) units which can provide grid stabilisation
Stabrrans = Share of transmission line capacity which can provide grid stabilisation
Ccrp3-min = Minimum production on CHP units in DH group 3

Cpp-min = Minimum production on PP units

Cep2 = Capacity of Electric Boiler in DH group 2

Cep3 = Capacity of Electric Boiler in DH group 3

4.3.1.1. Choice of Critical Excess Electricity Production (CEEP) Regulation Strategy

The electrical connection to external electricity markets is limited by the defined capacity of the
transmission lines. Based on such limitation, the model identifies Critical Excess Electricity Production
(CEEP) as the export which exceeds the transmission line capacity. Such production is not allowed in
real life, since this will cause a breakdown in the electricity supply.

However, the model allows CEEP in order to be able to calculate the magnitude as a consequence of
different regulation strategies, or one can ask the model to avoid CEEP.

Nine options to remove critical excess electricity production can be activated:
1: Reducing RES1 and RES2
: Reducing CHP production in group 2 (Replacing with boiler)
: Reducing CHP production in group 3 (Replacing with boiler)
: Replacing boiler production with electric heating in group 2.
: Replacing boiler production with electric heating in group 3.
: Increase H2 production for export if available capacity
: Reducing power plant production in combination with RES1, RES2, RES3 and RES4
: Increase Direct Air Capture if available capacity with maximum capacity
: Partloading nuclear (specify partload option in Electricity Only tabsheet)

O 00O NOULL B WN

The nine possibilities are activated according to an order of priority. If, for instance, "CEEP regulation"
is given as 23547 (referring to the numbers in the above list), critical excess production will be removed
first by replacing CHP in groups 2 and 3, then by electric heating and, in the end, by decreasing
electricity production from RES1-RES4 together with power plants. For "CEEP regulation" = 51
(referring to the list above), excess production is removed first by increasing electric heating only in
group 3 and then by stopping RES1 and RES2. All nine options can be activated in all possible
combinations.

Chapter 8 explains the calculation of CEEP reduction and the specific difference between the options.

4.3.1.2. Grid Stabilisation Restrictions

The model conducts an hourly calculation and basically assumes that all production units can change
production from one hour to another. However, especially large steam turbine CHP or extraction plants
have difficulties in going below a certain technical minimum, typically 20% of max capacity. Therefore,
one can specify a minimum CHP3 production. Such minimum production serves as a minimum for
extraction plants (constituted by the combination of CHP3 and PP). However, in the modelling of a

96



system with no CHP and/or no extraction plants, one can choose to specify a minimum PP production
instead.

Apart from such minimum production, one can specify limitations on the operation in order to assure
grid stability. A certain percentage (30 per cent is recommended) of the total electricity production
must come from grid-stabilising units. CHP in group 3 and large power plants including hydro,
geothermal and nuclear power are assumed to have such stabilising abilities. In addition, one can
specify to which extent small CHPs in group 2 and RES units can provide grid stabilisation.

4.3.1.3. Electricity Storage

Rockbed Storage Electricity
Capacities storage
Charge [electricity] |0 bt Storage loss rate 0.05 Percent per hour system
Dizcharge [steam) 0 bt Share of FP1/CHP 0.8 +
Storage Capacity 0 Gwh Steam/fuel ration 1 4
Electricity Storage 1 Electricity Storage 2
Capacities Efficiencies Fuel Ratio ] Storage Capacity Capacities Efficiencies Storage Capacity
Charge 0 b (0.8 0 Gwh Charge 0 ww 0.8 0 Gwh
Dizcharge 0 kw109 0 Dizcharge 0 bt (0.9
Allows for simultaneous operation af turbine and pump: No
#| Fuel ratio = fuel input # electic output [for CAES technologies ar similar)

Advanced CAES

Input

Electricity Storage

Ccharge = Capacity of Pump in electricity storage

Cuischarge = Capacity of Turbine in electricity storage

Scaes = Capacity of Storage, electricity storage system

opump = Efficiency of Pump in electricity storage (from electricity to storage input)
Lrurbine = Efficiency of Turbine in electricity storage (from storage output to electricity)
dcaes = Fuel ratio for CAES systems (fuel input / electric output)

Electricity Storage2

Ccharge2 = Capacity of Pump in electricity storage

Cuischarge2 = Capacity of Turbine in electricity storage

Scaes2 = Capacity of Storage, electricity storage system

oleump2 = Efficiency of Pump in electricity storage (from electricity to storage input)
Ururbine2 = Efficiency of Turbine in electricity storage (from storage output to electricity)

Rockbed storage (High temperature electricity storage)

Celectricity = Charge capacity based on MW electricity

Csteam = Discharge capacity based on MW steam delivered to PP/CHP.
Srockbed = Steam storage capacity

LOSSgockbed = Storage loss in energy content every hour

SHARERodckbed = Share of PP/CHP plants with access to steam from storage
RATIOgyel = Ratio for how much fuel 1 unit of steam can replace.
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The electricity storage can represent, e.g., hydro pump storage, a battery or an FC/electrolyser
hydrogen storage and is represented by the following inputs:

e Pump (converting electricity to potential energy) defined by capacity and efficiency

e Turbine (converting potential energy to electricity) defined by capacity and efficiency

e Storage (storing energy) defined by capacity.

The model can also add fuel when the turbine is activated, thereby facilitating the modelling of
technologies such as CAES (Compressed Air Energy Storage). In such case, the following input has to
be defined:

e CAES fuel ratio defined as CAES fuel consumption / electric output.
Advanced CAES
In the lower left corner, there is a button called “advanced CAES”. By activating this button, a number
of business-economic optimisation strategies may be included which involve the operation of
electricity storage technologies, such as, e.g., CAES on various markets. For further description please
consult Chapter 10.

Electricity Storage 1 Electricity Storage 2

Capacities Efficiencies Fuel Ratio ¥ Storage Capacity Capacities Efficiencies Storage Capacity
Charge i) Mw |08 0 Gwh Charge 0 Mw 08 0 Gwh
Dischaige i} Mw |03 0 Discharge 0 Mw 109
Allow for simultaneous operation of turbine and pump: No
*) Fuel ratio = fuel input / electic output (for CAES technologies or similar)

Advanced CAES Calculate Shategy 4 | Practical Prognostic Strategy Define profit margin increase of Electicity Storage 2 in percent of min profit margin:
Compressor variable operation costs [DKK/MwWh) 0 Ayverage period (hours) 24 0
Compressor taxes [DKK/MWh) 0
Turbine varnable operation cost [DKK/Mwh) 0 Income electricity [MDKK) price
Natural Gas price (DKK/Mwh} 100 Cost electricty (MDKK) (1=

Cost compressor operation (MDKK) price Nondctive
Market average price [DKK/MWh): 227 Cost compressor Taxes price
Cost turbine operation [MDKK] ~ price Turbine Market volumen Limits: Change distribution | const txt
Cost natural gas (MDKK) price
off Value of storage diff (MDKK) price Compressor Market volumen Limits: | Change distribution | const tat
Relrcone KRR} (s Allow for simultaneous operation of turbine and pump: Yes
Max storage (GWh] price

As a new feature (implemented in version 15.1), one can define a profit margin increase of electricity
storage 2. The input is a percentage of the minimum profit rate. If e.g. 20 is inserted, the minimum
profit rate will be multiplyed by a factor 1.2. The minimum profit rate is calculated as the minimum
difference between electricity sales and buying prices that the storage will have to identify in order
not to loose on a trade given the efficiencies and variable operation costs of the plant. Such a
calculation is further detailed in section 7.9.

The use of Rockbed Storage (High temperature electricity storage) facilitates the storage of excess

electricity as steam, enabling it to feed into the CHP3 / PP1 technology. Thus it can replace fuel
consumption.
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4.3.2. Thermal
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General Run View

‘w'amings &ppear Here: Transport Electrolyser is too small. Must be approx.: 85 MW

@ o Overview
Cooling ? Thermal Storage Group 1: Group 2: Group 3 Total: Unit
Industry and Fuel
Transport L Themal Storage 10 10 Gwh
Desalination

= Supply For Solar Thermal Storage. go to Supply->Heat Only GwWh

Heat and Electricity

Central Power Productia

Yariable Renewable Ele|

Heat Only Not active | When active the Heat Pump heat storage is only used for space heating and not hot water (defined by min distr. value]

Fuel Distribution

Waste

=) Liquid and Gas Fuels

Biofuels
Biogases
Hydrogen
Electiafusls

Individual Heat Pump Regulation

Input

Heat storage
Son2 = Capacity, Heat storage in district heating group 2 (GWh)
Spns = Capacity, Heat storage in district heating group 3 (GWh)

4.3.2.1. Disclosing heat storage for hot water in micro heat pumps
In the lower left corner, there is a button to active a special regulation strategy only for micro heat
pumps. If the button is activated the model will not use the heat storage for hot water but only for

space heating.

Individual Heat Pump Regulation

Active “When active the Heat Pump heat storage iz only uzed for zpace heating and not hot water [defined by min distr. walue)
1 Maw. lnading when storage iz empty coresponding to max. unloading when storage iz full [given in zhare of max. heat demand]
033 Max. loading when storage iz full coresponding to max. unloading when storage is empty [given in share of max. heat demand]

The idea is to be able to calculate heat storage options such as heat capacities built into the material
of the buildings. If this button is activated the model will separate the heat demand for hot water from
the heat demand for space heating. The heat demand for hot water is simply defined as the minimum
value of the hourly distribution of the heat demand. Additionally, one can define limitations on the
loading and un-loading of the storage as a function of the load of the storage.
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4.3.3. Liquid and Gas Fuel
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g Qverview

Cooling [ & .
Incusty and Fuel Gas Storage:  Oil Storage:  Methanol Storage:
Transport
Desalination

- Supply
Heat and Electricity
Central Power Producti
Variahle Renewahle Fle!

Fuel Storage 0 o 0 GWwh

Input

Cngas-storage,= Capacity of gas storage connected to the gas grid (GWh)
Coil-storage,= Capacity of oil storage (GWh)
Cwethanol-storage,= Capacity of methanol storage (GWh)

The model allows a specification of the capacity of the gas grid storage. The storage is used when
calculating the resulting import/export of natural gas described in section 8.7.

It is also possible to specify an oil and methanol storage capacity. This are not connected to the

balancing of the gas grid, but they are used for calculating the total costs of the energy system (see
section 4.4.2).
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4.4. Cost

4.4.1. General
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Overview
+- Demand Save Cost Data Load New Cost Data
+- Supply
+- Balancing and Storage = = : 5 ; -
& Cost Fixed operation and maintenance costs are required even if the plant is not operated.
Variable operation and maintenance costs are only necessary if the plant operates and are directly propartional ta the number of hours that the plant operates.
=~ Investment and Fixed OM
Heat and Electricity Busi economic operation: Socio economic consequenses:
Renewable Energy All costs (fuel, handling and taxes) are included Taxes are not included when the socio economic
Liquid and Gas Fuels in the marginal costs when optimal operation consequenses are calculated.
Carbon Capture and Stc strategies for the individual plants are decided.
Infrastructures (Heat an
Road Vehicles
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Additional
Fuel .
Variable OM Interest {%): |0
Esternal Electricity Market ‘
Simulation Investment Fixed OPEX Power Grid System Area requirements
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TabScreen 0 (MDKK/year) 0 (MDKK/year) 0 (MDKK{year) Landuse Area 0
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As shown in the diagram, the cost data of the model are divided into: Investment, Fuel, Operation &
Maintenance, and External Electricity Market costs.

An analysis using technical simulation strategies can be done solely on technical data from the ten
input tab sheets described in the previous section. However, if one wants to include either market-
economic simulation or if a feasibility study is conducted; further inputs are required in the “cost”
section.

In the guidelines on how to use the EnergyPLAN model, one can learn how to conduct feasibility studies
and market exchange studies when cost data input are provided for the model. Such analyses are
conducted in exercise 5 and guidelines. Both can be found at www.EnergyPLAN.eu.

The General cost tab sheet enables the user to Save and Load EnergyPLAN cost files. It also provides
some brief desriptions about the type of costs considered in the model, along with a display for the
total investment and fixed O&M costs. Finally, general cost assumptions like the interest rate and CO2
price can be defined in the general tabsheet.
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4.4.2. Investment and Fixed Operation and Maintenance
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For each component (here shown for wind):

Punit-wind = Per unit price

Nwind = lifetime of investment

Proc.wing = Fixed annual operational costs in percentage of total investment

Common to all calculations:
i = calculation interest (real interest) used for socio-economic evaluation

In the Investment Cost tab sheet, the model summarises the input capacity specifications for the
production units, and one can add unit prices, lifetimes and fixed operation and maintenance costs.
Also, one must enter an interest rate for the whole calculation. The total investment () of each
production unit is simply calculated as:

Iwind = Cwind * Punit-wind

The model then calculates the annual costs of each component divided into investment costs and fixed
operation and maintenance costs.
The annual costs, Ajnvestment, are calculated as follows:

AInvestment-Wind = IWind *i / [1 - (1+i)-n]

In which
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- lwind are the investment costs found by multiplying the number of units by the cost unit (MDKK per
unit). The unit is shown for each component. E.g., the unit for large CHP is MW, and consequently,
the cost is given in million DKK/MW.

- nisthe lifetime given in years.

- iistheinterest

The annual fixed operational costs, Aroc, are calculated as follows:
Aroc-wind = Proc-wind * Iwind
In which
- Peoc is the annual fixed operation and maintenance costs given in percentage of the investment

cost.

In addition, a new feature has been added in EnergyPLAN v17.0. The unit land requirement for each
technology can be added.

4.4.2.1. Additional Cost
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In the Additional Cost tab sheet, one can add and specify additional cost, i.e., investments that are not
directly connected to the production units, such as the insulation of buildings, transport infrastructure,
etc.

The additional costs are included in the calculation of total costs.
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4.4.3. Fuel
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Carbon Capture and Storage Tases on electiicity for eneray conversion
Emissions
(DKK/Mwh) DH systems  Individual houses
Electiic heaing  |© 0
Heat Pumps 0 0
Electrolysers 0 0
Electic cars u
Pump (storage) |0 i
bd|

Fuel world market prices, handling costs and taxes (DKK/GJ)

I:’CoaI-WM, PFueIOiI»WM, PDieseI»WM, PPetroI-WM,

PNgas-WM, PWaste-WM; PBiomass-WM; PDryBiomass—WM, PWetBiomass-WM = World Market Fuel Prices

PBiomass-Hbiocon, PbryBiomass- Hbiocon, PwetBiomass- Hbiocon = Fuel Handling costs for Biomass Conversion Plants
Pcoal-Heen, Prueloil-Heen, Pngas-Hcen, Pwaste-Hcen, PBiomass-Heen = Fuel Handling costs for central power plants
Pcoal-Hdec, Prueloil-Hdec, PNgas-Hdec, Pwaste-Hdec, Pgiomass-Hdec = Fuel Handling costs for decentralised CHP and industry
Pcoal-Hindv, Ppiesel-Hindv, Pgas-Hindv, Pgiomass-Hinav = Fuel Handling costs for individual households
Ppiesel-HRoad, Ppetrol-HRoad, Pip-Hair, PNgas-HRoad, PBiomass-HRoad = Fuel Handling costs for transport

Pcoal-Taxindv, Pbiesel-Taxindv, PNgas-Taxindvs PBiomass-Taxindy = Taxes on Fuels for individual households

Pcoal-Taxt, Prueloil-Taxi, PNgas-TaxI; Pwaste-Taxi, PBiomass-Taxt = Taxes on Fuels for waste incineration and ind ustry
Pcoal-Taxe, Prueloil-TaxB, PNgas-Taxs, Pwaste-Tax, PBiomass-Taxg = Taxes on Fuels for district heating boilers
Pcoal-axcHp, Prueloil-TaxcHp, Phgas-TaxcHp, Pwaste-TaxcHp, PBiomass-Taxcrp = Taxes on Fuels for CHP production
Pngas-Taxcaes, = Taxes on Fuels for CAES installations

CO; trade price and Electricity taxes on heat and hydro productions (DKK/MWh)
Pelec-TaxeH-DH, Pelec-TaxHP-DH, Pelec-Taxlc-DH, Prlec-Taxcaes-on = Taxes on electricity in district heating systems
Pelec-TaxeH-Indvs PElecTaxHP-Indv, PElec-TaxElcindvs Pelec-Taxgev-ingv = Taxes on electricity in individual houses and cars

CO; trade price (DKK/t CO,)
Pcoz-trade : CO2 emission quota price (included in marginal costs)

Fuel prices are specified as world market prices and domestic handling costs and taxes, if any. The
input in the Fuel Cost tab sheet is used for two purposes. The one is a calculation of marginal
productions costs, which is done in the Cost Operation tab sheet (see below in section 4.4). The other
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is a feasibility study including fuel costs, which is conducted at the end of the energy system analysis
(see section 8.8).

4.4.4. Variable Operation and Maintenance
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Input

Variable Operational Costs (DKK/MWh)

Pvoc-goiter-oH, Pvoc-chp-bH, Pvoc-Hp-bH, Pvoc-en-oH = Variable operational costs in district heating plants

Pvoc-Hydro, Pvoc-pp, Pvoc-Nuclear, Pvoc-Geothermal = Variable operational costs in power plants

Pvoc-elc, Pvoc-pump, Pvoc-Turbine, Pvocvas Pvoc-ydro-pump = Variable operational costs in storage systems

Pvoc-goiler-indvs Pvoc-cHp-indv, Pvoc-Hp-indv, Pvoc-en-ingv = Variable operational costs in individual households

In the Cost Operation tab sheet, variable operational and maintenance costs are specified for all units
which are involved in the electricity balancing. Such costs are used for identifying all relevant marginal
production costs, which are calculated on the basis of fuel costs, taxes, CO, costs (specified in the Fuel
Cost tab sheet), and variable operational costs. Fuel costs consist of international market prices plus
local handling costs, as shown in the input tab sheet below.

For units connected to district heating plants (such as CHP and heat pumps), power stations and
individual micro CHP, marginal costs are given in DKK/MWh of electricity production/consumption.

For storage units such as hydrogen CHP and pump storage systems, marginal costs are given according
to a multiplication factor and an addition factor. Basically, the simulation criterion is the following:
Psell > Pouy ¥ fmuL+ faoo

In which Psen is the market electricity price when selling (DKK/MWh)
Puuy is the market electricity price when buying (DKK/MWh)
fmuL is the multiplication factor (always bigger than 1), and
fapp is the addition factor (DKK/MWh)
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The calculation of marginal production prices is based on the fuel specifications in the various input
tab sheets. Only fuels which are specified as variable are included in the calculation.

4.4.5. External electricity market

Input

External Electricity Market Definition:

Pwmarket-input = Hourly input, external market electricity price
Facmu = Multiplication factor

Facaqd = Addition factor

Facpepend = Dependence factor (price elasticity)

po = Basic price level for price elasticity

Pmax = Maximum Market Electricity Price

Pmin = Minimum Market Electricity Price

The market price on the external electricity market is defined by the following input:

- An hourly distribution of prices (chosen from the Library)

- Facmu = Multiplication factor

- Facadd = Addition factor

- Facpepend = Dependence factor (price elasticity)

- po = Basic price level for price elasticity
For the economic simulation, the market prices, pmarket, are found from the specified hourly price
distribution (pwmarket-input), When modified in the following way:

Pmarket = pMarket-input* Facmu + Facadd

The resulting average market price after influence by the multiplication and addition factors is
calculated simultaneously and shown in the tab sheet.

In the economic simulation strategy and in the calculation of income from exchange, the market price
is further influenced by the price elasticity, as described in sections 7.1, 7.10 and 8.9.2.

One can specify a maximum and minimum electricity market price. In the Nordpool market, the
minimum price is typically -500 EUR/MWh and the maximum is typically 3000 EUR/MWh.

4.5. Simulation
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4.5.1. Simulation strategy

The choice of simulation strategy is made by activating the correct radio button. Here, one can choose
between Technical Simulation, as described in chapter 6, or Market-Economic Simulation, as described
in chapter 7.

If technical simulation is selected, one must choose between the following 2 technical simulation
strategies, which are explained in chapter 6:

1. Balancing heat demands

2. Balancing both heat and electricity demands
Furthermore, the individual heat pumps can operate based on two strategies, vehicle to grid can
balance based on two strategies, and priority can be chosen between pumped hydro and vehicle to

grid.

V2G and Rockbed storage can operate based on all excess electricity available, or only based on critical
excess production and power plants.

The user can prioritize the different storage options by defining which to use first.

If market-economic simulation is selected, one must choose between the following 3 simulation
strategies with regard to the operation of V2Gs, all explained in chapter 7.5:

1. No limitations
2. Limitation: Smart Charge/V2G charge <= PowerPlant-cap + import-max - electricity demand

3.V2G seeks to minimise PP max
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The user also has to choose whether the transmission line capacity limits the effect of the external
market.

In the market simulation, the user also has to choose whether variable renewable electricity bids as
zero price or as negative infinite price, basically determining if RES stops in negative price hours or
not.

4.5.2. CCU strategy

CO2 source for CCU strategy
CO2 sources to include 1200
1 Biogenic
2DAC +DOC
3 Processes and other
4 Fossil

The user can decide the type and prioritisation of CO, to be used for e-fuel production based on CO,
and H; synthesis. One can choose from 1) Biogenic, 2) DAC+DOC, 3) Processes and other, and 4) Fossil.
In the figure, non-zero numbers refer to the corresponding CO, source is selected and “0” means the
corresponding source is excluded. And the order of the number means the prioritization of the CO,
source. For example, “1200” in the figure means, when there is a demand from CCU, the biogenic CO;
sources will be used first, and if which is not enough, the DAC and DOC will be used as the second
option.
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4.6. Emissions
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For each component (here shown for small CHP):
Fso2-cHp2 = Emission factor for SO,

Fpmas.cip2 = Emission factor for PM2.5

Fnox-chp2 = Emission factor for NOy

Fcha-chp2 = Emission factor for CHs

Fn20-cHp2 = Emission factor for N,O

For each technology the user can define an emission factor for the five different emission types, SO2,
PM2.5, NOx, CH4 and N20. EnergyPLAN will use the fuel demand for each technology and multiply
with the user defined emission factor. The simple calculation therefore looks like this (example fo SO2):

SO2chp2 = Fsoz-crp * PESchp2

EnergyPLAN then summarises all emissions, and uses these as part of the screen/clipboard output.
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4.7. Carbon

4.7.1. CO; emission factor
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Input

CO; emission factors (kg/GJ)

COZCoaI; CoZOiI; CoZNgas; COZLPG; COZWas'(e-nonbiogenic; COZBiomass; COZBiooiI; COZBiogas cleaning, CoZWaste-biogenic = COZ
emission factors

For each type of fuel, the user should define corresponding CO2 emission factors. EnergyPLAN will use
the fuel demand multiplied by the user-defined emission factor. EnergyPLAN then summarises all CO2
emissions from different fuels, and uses these as part of the screen/clipboard output.
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4.7.2. Point source carbon capture
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Input

Point source carbon capture

Acc-elec = Electricity input for per unit of CO, capture (MWh/tCO;)

Ycc-Heat = Heat input for per unit of CO, capture (MWh/tCO,)

COPc = Coefficient of performance of CO, captures

Sharecc= Share of plants and/or capacities installed in the system equipment with CO, captures
CaptRatecc = Capture rate of the installed CO; capture technology

Fec-industry = Amount of CO, captured from industries (MtCO,/year)

BioSharecc.industry= Share of biogenic CO, sources from the industrial emissions

Dcc-industry = Hourly distribution of CO; emissions from industry

The point-source carbon capture covers three main categories, including power and heat generation,
biogas cleaning, and industry. Each category is described below.

4.7.2.1. Power and heat generation

There are five power and heat generation technologies in the Power and Heat Generation category
that can be installed with carbon capture

The annual total electricity consumption of CC for each point source (TotalElecCapt;) can be calculated
by the equation below. The technical specifications of the selected point source CC must also be defined
by the user, including the electricity Acc.eiec and heat consumption ycc.neat per unit of CO, captured. The heat
input needed for carbon capture (if any) is modelled by converting the heat demands into electricity
demand using the Coefficient of Performance (COPcc), assuming the use of heat pumps. The estimated
CO; captured from the point source in each hour t is defined by CaptCapacity®.
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8784
TotalElecCapt = 2 CaptCapacityt x (ACC_EleC +
t=1

YCC—Heat)
COP;¢

CaptCapacity® can be calculated by the equation below, using the maximum hourly CO, capture
capacity of the corresponding point source (MaxCaptCapacity?), the share of plants installed with CC
(Share.c ) and the capture rate of the CCinstalled (CaptRate ).

CaptCapacityt = MaxCaptCapacityt X Sharec. X CaptRatecc

For PP1, PP2, CHP2 and CHP3, the energy demand from carbon capture is modelled through the CCUS
caused energy penalty in the corresponding unit, thus reducing its electrical efficiency according to the
amount of CO2 being capture and the demands for it. The penalty attributed to the plants would be
corresponding to the amount of CO2 being captured, therefore depending on the capture rate, the share
of plants being retrofitted and the capture target. The Capture Target input serves the purpose of
capturing a baseline amount of CO2 when there are variable sources in terms of operation hours, working
loads and therefore CO2 availability, such as PP1, PP2, CHP2, and CHP3. Therefore, the user has the ability
to click the “Calculate Button” and obtain the Capture Potential (CaptPotential™t/Y¢47) in million tonnes
per year (Mt/year), along with the Estimated Capture (EstimatedCapt™t/Y%") which takes into account
the Capture Target (CaptTargetcc).

EstimatedCaptMt/¥ea" = CaptPotentialMt/Ye3" x CaptTarget c
For waste incineration plants, the annual total CO, capture is calculated from the average amount of
waste input (defined in Section 4.2.6) and the corresponding CO, emission factor. Note that the CO2
emission factor of waste should be distinguished between COwaste-nonbiogenic aNA CO2waste-biogenic-

4.7.2.2. Biogas cleaning

The CO; emitted from the biogas cleaning process can also be captured. The calculation follows the
same procedure as the power and heat generation unit introduced in the earlier section. If the users
activate the carbon capture option for biogas cleaning, they should also define the corresponding CO,
emission factor of biogas cleaning.

4.7.2.3. Industry

There are three options for CO, capture from industries, including Industrial - fuel combustion, Industry
- processes, and Other. The industrial fuel combustion represents the CC from the combustion of
different fuels. The modelling of CC for biogas upgrading is similar to power and heat generation as
well as biogas cleaning. The maximum capture capacity is calculated via the fuel inputs in the industry
sector (Section 4.1.4) and the corresponding CO, emission factors. It is assumed the emissions are
constant in all hours of the year.

The CC for industry processes calculates CC for industries that are not directly involved in fuel
combustion, such as CO; emissions from clinker at cement plants. The hourly distribution profile of
CO; emissions from industry (Dccindustry) and the estimated average hourly capture rate of CO;
(HourlyCaptingusty) to be captured should be defined manually.

The “Other” category can be used when more than one industry process requires CC in the energy

system. In this case, the user should define the share of biogenic CO; sources in total industrial CO2
emissions (BioSharecc.ingustry) for CO, source tracking.
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4.7.3. Carbon dioxide removal

Carbon Dioxide Removal

Minimum Additional  Total Removal Electricity Heat input COP
Capacity Capacity * input
ton CO2/h ton COZ2/h Mton COZ2/vear  bwhdton COZ Miwhton CO2
Direct Air Capture 1] 0 0 0.25 178 1 Change | const.bst
Direct Deean Capture 1] il 0.9s

Change | const.st

Input

Carbon dioxide removal

Rcor = Total amount of CO, captured by direct air capture and direct ocean capture (MtCO,/year)
Dcpr = Hourly distribution of CO; capture from direct air capture and direct ocean capture
Acpr-elec = Electricity input for per unit of CO, capture (MWh/tCO;)

Ycor-reat = Heat input for per unit of CO, capture (MWh/tCO,)

COPcpr = Coefficient of performance of CO, captures

Two types of carbon dioxide remover can be modelled, including Direct Air Capture (DAC) and Direct
Ocean Capture (DOC).

The direct air capture (DAC) can be specified using the hourly distribution file (Dcpr) of the CO, captured in
a year (Rcor), the total annual capacity, and the electricity consumption per unit of CO; captured (Acor-glec).
Depending on the specific DAC technology, additional heat consumption per unit of CO; captured (ycor-Heat)
can be added, for example, the solid adsorption pathway, which requires high temperature. The heat
consumptions are converted into electricity demand in the model using the Coefficient of Performance
(COPcpr), assuming heat pumps are employed. Therefore, the total yearly electricity consumption of DAC
can be calculated below.

8784
Ycpr-Heat
TotalEleccpr = Z (Dépr X Repr X (Acpr-ptec + —4rp—))
- COPepr

Similarly to DAC, the direct ocean capture (DOC) can also be specified using the hourly distribution, total
hourly carbon removal capacity and the corresponding unit electricity input.

4.7.4. Carbon storage
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Carbon Storage CCS Max. Capacity Electricity

input
Miw'h/ton CO2
Geological CO2 storage® Storage | 0 ton CO2/hour
Storage |l 0 ton CO2/hour |
Total Storage Capacity 0 ton CO2/hour
Storage capacity Initial Load
kton CO2 kton CO2
Intermediate CO2 storage™ 0 0

Input

Geological CO, storage
HourlyCapaityccs= The maximum hourly storage capacity of geological CO, storage
Accs-elec = Electricity input for per unit of CO, stored in geological CO, storage

Intermediate CO, storage

TotalCapaitycoastorage = The total capacity of intermediate CO, storage
InitialLoadcozstorage = The initial load stored in the

Two types of CO; storage can be defined in the model, including geological CO; storage (for permanent
CO; sequestration) and intermediate CO; storage (for system balance).

Regarding geological storage, the user can define two different storage sites via Storage | and Storage I, if
multiple permanent CO2 storage options exist in the system. The maximum hourly capacity of CO, that
can be injected in geological permanent CO; storage, and the corresponding unit electricity consumption
for CO2, have to be specified. The electricity input should consider both transport and injection.

The electricity demand (eccs) is added to the total electricity demand and found as follows:
eccs = Aces-eec ¥ HourlyCapaitycc* 8784 hours

To apply intermediate CO, storage in user specified energy system, one should specify the total storage
capacity as well as the initial load of the storage facility at the beginning of the year. The intermediate CO,
storage acts as a balancing technology within the energy system, analogous to a tanker-based buffer,
enabling temporal shifting of CO, flows. Its purpose is to increase flexibility in Carbon Utilisation (CCU)
processes by allowing captured CO, to be stored during periods of surplus and utilised when conversion
capacity and low-carbon energy supply are available.

115



5. Initial analyses without electricity balancing

The model starts by making a number of initial calculations based on the input data. Various electricity
and heat demands are found simply by distributing the annual demands according to the internal
hourly distributions.

5.1. Fixed import/export of electricity

The fixed import/export demand is meant to describe exchanges with external electricity markets
additional to the one which is active in the model. Input is annual electricity demand, De, together
with hourly distribution, dex. The hourly values, dex, are calculated as follows:

dex = Dex * Oex / X Oex

5.2. District heating demands incl. heat demands from absorption
cooling

District heating demands in the three district heating groups, including the heat demand for biogas
production and absorption cooling in the various groups, are calculated as described in the following.

For all three district heating groups, the demand is defined by an annual heat demand, Hpy, together
with the hourly distribution, 8pn. The same applies to heat demands for biogas production and
absorption cooling in the various district heating groups: Hcool and dcoor. The hourly values, hpy, are
calculated as follows:

hDH = HDH * 8DH /2 8DH + HCool * 8C001 /Z 6C001 + HBiogasDH * SBiogasDH /2 6Bi0gasDH

5.3. District heating and electricity productions from Industry and
Waste

District heating and electricity production from Industrial CHP are defined for each of the three district
heating groups in terms of the annual heat and electricity productions, Qindustry-on @and Eindustry-H,
together with the hourly distribution, dindustry-o.:

Qindustry-DH = Q[ndustry-DH * 8[ndus,try-DH / x 6lndustry-Dl—[

€Industry-DH = EIndustry—DH * Blndustry—DH /Z 8lndustry—DH

District heating and electricity production from Waste are calculated in the same way:

aqw Qw * 0w /Z dw

Ew * dw /X dw

ew

The same applies to district heating productions from biomass conversion plants:
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dgast = Qaast * dgast / Z Ogast

OBioPetrol = QBioPetrol * 8BioPetrol /2 8BioPetrol

Heat production from Industry and Waste are calculated separately for all three district heating groups,
while heat production from gasification and bio petrol plants are assumed to be supplied to only
district heating group 3.

5.4. Fixed Boiler production subtracted from the district heating
demand

The CHP units of each district heating group are modelled by one average production unit with average
efficiencies. Therefore, the model cannot include simulation of situations in which the units of one
system are not operating because of maintenance or breakdowns. However, one can compensate for
this problem by specifying a certain percentage of the district heating demand which has to be supplied
from the boiler, the so-called “fixed boiler share”, FixedPercents. Studies indicate that approximately
2 per cent of fixed boiler share will represent an appropriate compensation. The compensation is
calculated as a percentage of the annual district heating demand in groups 2 and 3 and afterwards
subtracted from the demand. Here it is shown for district heating group 2:

OrixedBoilerz = Hphz * FixedPercents, / 8784

hon2 = hol2 - QFixedBoiler2

Later (see section 8.1), the production is added to the boiler production:
0B2 = Qg2 * FixedBoiler2

If there is available capacity on the heat pump it can replace the fixed boiler production, thus the fixed
boiler share will be supplied by a heat pump and thus added to the heat pump production instead.

The same calculation is done for district heating group 3.

5.5. Boiler production in district heating group 1

In group |, heat for district heating is produced by:
1. Solar Thermal: Qsolar1
2. Industrial CHP (CSHP): Qindustry-DH1
3. Heat production from waste fuel: qw:
4. District heating plants with boilers: gs:

The productions from solar thermal, CSHP and waste are calculated for each hour based on the input
data and the respective distribution sets. The production from the boiler is identified as the difference

between demands and solar/CSHP productions:

Q1= hpwi - Qsolar - Qindustry-DH1 = Qw1
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If gsi<0O then gs:i=0
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6. Technical Energy System Analysis

This chapter describes the technical energy systems analysis presented as step 3A in the overview.

6.1. Condensing power and import/export including CEEP and EEEP
The calculation of condensing power and import/export including CEEP and EEEP (Critical and
Exportable Excess Electricity Production) is made more or less after each of the following sequences
(sections 6.2 — 6.9) in the technical energy system analysis procedure.

The demand is calculated as the sum of the following demands:

drotal = de + dex + dex + deool + diogas + deasi + diopetrol + Upiobiesel + deic + dpev + dvag

+ dI—HP-totaI + dI—EH + dHPZ + dHP3 + dPump + dHydroPump"‘ dSteamStorage

in which dex = dexpay + drxweek + drxaweek

The production, excluding the condensing power plants, is calculated as the sum of the following:
€Total = €Res T €M-CHP T €Hydro T €Nuclear T €Geothermal T €v2G + €w + €csHp + €cHp2 + €cHpP3 + €Turbine
in which €Res = €Res1 T €Res2 T €Res3 t.... T ERes7

and em.cHp = em-hacHp + EM-NgascHP + EM-BioCHP

The production of the condensation plants is determined as the larger of the following two values:
A. The difference between demand and production:
epp = drotal — €Total

B. The minimum production needed in order to fulfil the requirement of stabilising the grid:
(I.e., the needed share of power plants with stabilising ability of the total production minus the share
of the other units which are assumed to have stabilising ability)

epp = (eTota™ Stabrotal - €cHp2™Stabeupa - (€wit ewat ews)*Stabwaste - €res1*Stabgesi - €resa™ Stabres: -
eRes3*StabRes3 Teaeee - eRes7*StabRes7 - €cHP3 - €Nuclear = €Geothermal = €Hydro = €Turbine = €csp * StabCSP -€vag *StabVZG -

Clmp/exp*StabTRANS) /(1 - Stabtotal)

In which cyzc represents the power capacity of all V2G connected to the grid (see further details in
chapter 6.9) and Cimp/exp is the capacity of the import/export transmission line.

In case epp exceeds the specified maximum value, Cp, the necessary electricity production is imported.
The import and export of electricity can now be calculated as:

If (eTotaI + €pp - dTotaI < O) then €import = ETotal + €pp - dTotaI or else €import = 0
If (eTotaI + €pp - dTotaI > 0) then €Export = ETotal T+ €pp - dTotaI or else CExport = 0
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The export is divided into two categories: 1) Critical Excess Electricity Production, ecgp, and 2)
Exportable Excess Electricity Production, egeep. Critical excess electricity production appears when the
export exceeds the maximum capacities of the grid connections abroad:

If eExport > CTransmission
then eceep = €Export — Ctransmission and egeep = Crransmission

or else eceep = 0 and egeep = Eexport

6.2. CHP, heat pumps and boilers in groups 2 and 3 (simulation 1)

Based on the modified “hourly distributions” described above and the remaining input data, the model
calculates electricity and heat productions depending on the simulation strategy chosen.

6.2.1. Simulation strategy 1: Meeting heat demand

In this strategy, all heat producing units are producing solely according to the heat demand. For district
heating groups 2 and 3, the units are given priority on an hourly basis according to the following
sequence:

1. Solar Thermal: Qsolar2

2. Industrial CHP (CSHP): Qindustry-DH2
3. Excess Heat production: aw2

4. Heat plant CHP: OcHp2

5. Heat pumps: gup2

6. Peak load boilers: ds2

Excess heat production is calculated as the sum of all excess heat outputs from waste, electrolysers
and biofuel and biomass conversion units.

The productions from solar thermal, CSHP and waste are calculated for each hour based on the input
data and the respective distribution sets. The heat productions from CHP and heat pumps are
identified as the difference between demands and solar/CSHP productions:
QcHp2 = howa - Qsolar2 = Qindustry-DH2 = Qw2
If qcue2 > Tewrz then qcerez = Tenr2
Qur2 = hpnz - Qsolar2 = Qindustry-DH2 =~ Qw2 - QcHpP2
If awe2 >The2 then quez = Thp2

If gue2 > hpwz * SHAREwp: then qupz = hpnz * SHARE e,

For the heat plant CHPs and the heat pumps, the calculation respects the maximum capacity as well
as the maximum share of heat pumps compared to the total heat demand, SHAREgp,. This limitation
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reflects the fact that heat pumps should be used for the production of low temperature heat only. The
peak load boiler supplies the remaining demand:

Js2= hpw2 - Osolar2 = Qindustry-DH2 = Qw2 - QcHp2 - (HpP2
If gs2 > Te2 then Qs2 = Te2

The model also makes sure that no heat production becomes negative and the resulting heat balance
is calculated and shown as a result. Due to limitations on capacities or excess productions from solar
thermal or industry/waste, such result may show imbalances.

6.3. Flexible electricity demand (including dump charge BEV)

The model uses an hourly distribution of the electricity demand specified in the input as an external
input file. A typical Danish distribution based on statistic information from year 2000 is provided as an
option (shown in diagram 3). Or other external input files can be created. The electricity demand is
distributed according to the specified distribution. Moreover, one can add a fixed import/export
demand as described in relation to the Input Electricity Heating tab sheet in section 4.1.

Any new demands created by the use of electricity for transport (batteries and/or hydrogen) or by
other purposes can be specified in the Input Transport tab sheet (described in section 4.1.5). Electricity
for transport can be made flexible in two ways. One comprises the smart charge and V2G possibilities
in the transport tab sheet (section 4.1.5) and the other involves the specification of a flexible demand.
The same routines can be applied to the definition of a certain percentage of the demand as flexible.
This involves an analysis of the consequences of introducing flexible demands for cooling etc. in
industries and/or households.

Thus, an additional electricity demand can be made flexible within short periods according to the

following four categories:

1. Demand following a specified distribution (typically battery cars being charged during the night).
Section 4.1.5.

2. Demand freely distributed over a 24-hour period according to the actual electricity balance.
(Similar to the above, but with the added possibility of concentrating the demand in the actual
peak hours for, e.g., wind production, which requires a method of communicating this knowledge
to the consumers). Section 4.1.

3. Demand which can be distributed freely over a week according to the actual electricity balance
(Similar to the above - relevant to consumers with extra battery capacity and for hydrogen-
operated vehicles). Section 4.1.

4. Demand which can be distributed freely over a four-week period (similar to the above - relevant
to hydrogen-operated vehicles. The optimal distribution of demand for a period of this length
requires a long-term prognosis for the electricity balance to be transmitted to the consumers.
Since this prognosis is partly based on a weather prognosis, this is hardly possible today, as the
prognosis for a four-week period at present is not sufficiently reliable). Section 4.1.

For the categories 2, 3 and 4, the demands are distributed within the given intervals one by one
according to an evaluation of the balance between “fixed” electricity productions and demands. The
calculation of productions and demands is done in accordance with the description in section 6.1.
However, only productions and demands from units calculated up to now (steps 1 and 2 and section
6.2) are included; i.e. Nuclear and all RES, CHPs and heat pumps based on simulation 1 or 4 including
individual units. Hydro power and micro CHP are based on the initial estimate not including the
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simulation described later in this chapter. Moreover, electricity productions for dump charge BEV are
included. Productions and demands from more flexible units such as electricity storage systems and
electrolysers are not included.

The distribution of demands within the interval is made in order to provide the variation of this balance
with two limitations:

a. it must be positive at any time

b. it should be below a given maximum, Cex (defined in the input)
A normalisation of the variation ensures that the average demand for the period equals the yearly
average.

Part of the existing demand can be specified as flexible in the same way as the transport demands of
categories 2, 3, and 4. Typically, these flexible demands will be connected to either room heating or to
cooling processes (air conditioning or cold stores). The flexible demands can be specified for the same
three periods as the transport demands. For each period and for each type (cooling, heating), the
maximum capacity must be stated. Please note that the fixed demand should be decreased in order
not to increase the total demand. The effects on the hourly distribution of the total electricity demand
are calculated in the same way as for the transport demands. In diagrams 6.1 and 6.2, an example is
shown of how flexible demand reduces differences in the balance between the supply from CHP and
renewable energy and the demand.

|Electri|:'rt':.f Production: 3 Days in January

1 1 1 I 1
' ' ' 1 '
' ' ' ' '
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Diagram 6.1: Electricity Production from CHP, Wind and Import, 3 Days in January.
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Diagram 6.2: Example of flexible demand

The example represents the following situation:
Electricity demand = 33 TWh
District heating = 20 TWh
Wind Power = 2000 MW
CHP = 2000+3000 MW-el
HP =300 + 500 MW-el

Diagram 6.1 illustrates a three-day period in January with a continuous CHP production of approx. 3200
MW, and, on top of this, a wind production increasing the total production to between approx. 3500

and 5000 MW.
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In the upper left corner of diagram 6.2, the demand is shown (in the case of no flexible demand); and
to the right, the resulting difference in the balance between supply and demand is shown. The latter
diagram is found simply by subtracting the demand and the supply from diagram 6.1. It can be seen
how an excess production is generated during night hours and there is a lack of supply during day
hours, fluctuating according to the variations in the wind production.

At the next three levels of diagram 6.2, an increasing share of the demand has been changed into
flexible demand in the input. At the second level, 10 per cent is made flexible within a day. At the next
level, an additional 10 per cent is made flexible within a week. And in the last picture, an additional 10
per cent is made flexible within a four-week period. It can be seen how such flexibility is able to
continuously improve the balance between supply and demand.

6.4. CHP, heat pumps and boilers in groups 2 and 3 (simulation 2)

If technical simulation strategy 2 is chosen, the following calculations are done, which will then replace
the calculations of section 6.2 (strategy 1).

6.4.1. Simulation strategy 2: Meeting both heat and electricity demands

In this section, the export of electricity is minimised mainly by the use of heat pumps at CHP plants.
This will simultaneously increase electricity demand and decrease electricity production, as the CHP
units must decrease their heat production. Note that if a request for external export/import has been
defined as an input (see section 4.2.2), the model will try to meet such a request instead of minimizing
the export of electricity.

By the use of extra capacity at the CHP plants combined with heat storages, the production at the
condensation plants is minimised by replacing it with CHP production.

The calculation is carried out in the following sequence for each hour of the year:
Priority 1: Solar thermal together with all excess heat (from waste, industry, electrolyser and biomass
conversion etc.) are given priority, first, to cover the district heating demand and, next, to be stored in

the thermal storage of gr. 2 and gr.3, respectively, if the storage capacity is available.

Moreover, the minimum load of CHP3 in order to meet grid stabilization requirements (if any are
specified in the input) is identified:

A.
echp,ia = (ETota™Stabiotal - (€wit ewat ews)*Stabwaste - €res1*Stabresi - €res2*Stabgesa - €resa™Stabgess
-....m €Res7 ¥ StabRres7 - €chp3 - ENuclear - EGeothermal - €Turbine = €Hydro- €v26 ™+ Stabyag -ecsp * Stabesp -

Cimp/exp ¥ Stabrrans) / Stabcnpz

The electricity production of CHP is then identified as the maximum value of either the input value of
CHP3 minimum production or the production needed to accommodate for the grid stabilization.

If heat productions from priority 1 exceed the district heating demand together with the available
thermal storage capacity of the hour, then the heat is wasted.
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Priotity 2: In the case of excess electricity production in the hour, an available capacity in the thermal
storage heat is produced for the storage by, first, heat pumps and, next, electric boilers in the following
sequence:

- Heat Pumpin Gr2.

- Heat Pumpin Gr3.

- Electric Boiler in Gr2.

- Electric Boilerin Gr.3

Priority 3: In the case of lack of electricity production (import and/or production on PP) in the hour
and available capacity in the thermal storage, heat is produced on CHP in the following sequence:

- CHP2

- CHP3

Priority 4: If the heating demand is not fulfilled (by the first three priorities) and the thermal storage
is empty, then heating is produced by a combination of CHP and Heat Pumps in each of Gr.2 and Gr.3.

Priority 5: If priority 4 is not enough due to capacity limits of either the CHP or the Heat Pump, then
the rest is produced on the boilers in each of Gr.2 and Gr.3. However, if boilers are needed in the hour,
the model will investigate if the capacities of CHP, Heat Pump and thermal storage allow for a
combined production from heat pumps and CHP (like priority 4) in the previous hour.

The above priorities are carried out first with a start value of the thermal storage corresponding to half
of their capacity. Next, the calculation procedure is repeated using the end value of the thermal
storage as a new start value. In this way, the thermal storage by the end of the year corresponds to its
value in the beginning of the year.

6.5. Hydro power

Hydro Power Units are defined by the following inputs:

Cuydro: The capacity of the Hydro Power Electricity Generator in MW

Uhydro: The efficiency of the Hydro Power station defined as the conversion factor from energy in the
storage to electricity production from the generator.

Shydro: The capacity of the Hydro Power storage in GWh

Whyaro: The amount of energy connected to the water supplied to the storage in TWh/year

SdWhrydro: The distribution of the energy/water supply in 8784 hourly values

Additional input options are:

Uuydro-pump:  The efficiency of running the generator reversibly as a pump, defined as the conversion
factor from electricity consumption to energy in the storage

Cuydro-pump:  The capacity of the Hydro Power pump in MW

SHydro-PUMP: The capacity of the lower water storage in GWh

The Hydro Power station is subject to the condition that it will always be involved in the task of
maintaining grid stability.

The unit is integrated in the simulation of the total system in the following way:
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Initially (described in section 4.2.2.3), the average hourly production is calculated on the basis of the
water supply to the water reservoirs. The average production is then modified in order to maximise
the potential production when limitations on storage and generator capacities are taken into
consideration.

To correct the calculation from errors due to differences in the storage content between the beginning
and the end of the calculation period, the calculation seeks to identify a solution in which the storage
content at the end is the same as at the beginning. Initially, the storage content is defined as 50% of
the storage capacity. After the first calculation, a new initial content is defined as the resulting content
at the end of the calculation.

However, one may as input specify a start and end value of the hydro storage. In such case these values
will be used.

The calculation of input can be illustrated by an example characterised by the following:

Chydro: 400 MW

HHydro: 0.8.

SHydro: 1000 GWh

Whydro: 2.5 TWh/year

OWHydro: Distribution as shown in diagram 6.3.

In such case, the storage and the generator capacity set no limits to the system and the resulting hydro
power production is equal to the average production of 228 MW, as shown in diagrams 6.3 and 6.4,
together with the storage content (in GWh). The annual production becomes 2.00 TWh/year (equal to
2.5 * 0.8). The initial and the final storage contents are identified to be 598 GWh.

However, if one introduces a limitation on the storage capacity, so that the total water input cannot
be utilised during a year (e.g., a storage capacity of 500 GWh), the solution shown in diagram 6.5 will
be applied.

As one can see, the starting point is the average production of 228 MW. During summer and autumn,
when the storage is filled and the water supply is higher than what is needed for average production,
the production of the power plant is increased up to the capacity of the generator. Consequently, the
storage is not filled when the water supply is low during spring and the production is decreased
accordingly. However, in this case, losses in the storage cannot be avoided and the annual production
is limited to 1.88 TWh/year and not the potential 2.00 TWh/year.
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Diagram 6.3: Water supply to the Hydro Power System
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Diagram 6.4: Hydro power output with no limitations in water storage capacity
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Diagram 6.5: Hydro power output with limitations on water storage capacity
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If the capacity of the generator is increased to 700 MW, the solution shown in diagram 6.6 is found in
which the system will produce the fully 2.00 TWh/year. If, on the other hand, the capacity is decreased
to 300 MW, the annual production will be only 1.79 TWh/year.

Hydro power input
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Diagram 6.6: Hydro power output with limitations on water storage and generator capacities
The resulting annual hydro input production is shown simultaneously in the input tab sheet in which
the input data are specified.

In the potential calculation of flexible demand, the baseline hydro power production is subtracted from
the various demands (consumers, fixed import/export, heat pumps and transport) before the
distribution of the flexible demand is determined, as described in section 6.3. In all technical simulation
strategies 1, 2, 3 and 4, the above baseline hydro power production is included when the power
production from the remaining units is determined.

Subsequently, the condensing power and import/export are calculated again in accordance with
section 6.1, and the hydro power is then used for replacing the condensing units and decreasing, first,
CEEP and, secondly, EEEP in the following way:

First, the potential of replacing the condensing power plant (emydro-inc) is determined as the minimum

value of either the production of the condensing unit or the difference between hydro power capacity
and hydro power production.

€Hydro-Inc = MIN (ePP ) (CHydro - eHydro)

The hydro production, enydro, is defined as the production identified through the initial calculation of
section 4.2.2.3, as illustrated above.

The potential of decreasing hydro power in the case of CEEP (emydro-Dec-cEEP) iS determined as the
minimum value of either the CEEP or the hydro power production. At the same time, the potential is
limited by the fact that the hydro power plant potentially forms part of grid stabilisation:

€Hydro-Dec-CEEP = MIN (€cEEP , €nydro)

€Hydro-Dec-CEEP <= €Hydro = €Hydro-Min-Grid-Stab
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In the case of reversal hydro power, i.e., a pump and lower water storage, the potential of decreasing
CEEP further (eHydro-pump-Dec-cEEP) is determined as the minimum value of the CEEP (minus the share that
is already occupied), the pump capacity, or the content of the lower water storage, Suydro-pump:

€Hydro-Pump-Dec-CEEP = MIN [(€CEEP - €Hydro-Dec-CEEP) ; CHydro-PUMP , SHydro-puMP / WHydro-PUMP ]
In the same way, the potential of decreasing hydro power in the case of EEEP (emydro-pEC-EEEP) is found.

Knowing the potentials of increasing and decreasing the hydro power production, a balance is found
in which the annual hydro power production is maintained. The reduction of CEEP is given priority over
the reduction of EEEP.

z €Hydro-Inc = z €Hydro-Dec-CEEP +2 €Hydro-Dec-EEEP

Similar to the previous modelling of the hydro power input, the programme again calculates the hourly
modelling of the system including the fluctuations in the storage content. The hydro power production
(enydro) is modified in accordance with the generator capacity, the distribution of the water supply, and
the storage capacity in the following way:

Hydro storage content = Hydro storage content + Wrydro

eHydro = eHydro + eHydro—Inc - eHydro—Dec—CEEP - eHydro—Dec—EEEP
€Hydro-Input <= (Hydro storage content - Sydro)* HHydro
€Hydro-Input <= CHydro

Differences in the storage content at the beginning and at the end of the calculation period may cause
errors in the calculations. To correct these errors, the above calculation seeks to identify a solution in
which the storage content at the end is the same as at the beginning. Initially, the storage content is
defined as 50% of the storage capacity. After the first calculation, a new initial content is defined as
the resulting content at the end of the calculation. However, one may as input specify a start and end
value of the hydro storage. In such case these values will be used.

The calculation of the input can be illustrated by the example in diagram 6.7. The upper diagram shows
the electricity production for a week in a system with a high share of both CHP and wind power. The
system has a high excess electricity production (CEEP).

The second diagram shows the influence of the hydro input (before the hydro simulation). It can be
seen how the hydro power automatically replaces the power plant (PP) in the situations in which the
PP produces in order to secure grid stability. However, in other situations, the hydro power also adds
to the problem of excess production.

In the third diagram, the hydro power is part of the simulation and it can bee seen how the hydro
power plant replaces the condensing plant and reduces the excess production.
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Electricity production without hydro
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Diagram 6.7: Hydro power is regulated to decrease excess and condensing power productions.
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6.6. Individual CHP and heat pump systems
The calculations of individual CHP and heat pump systems are based on the initial calculations of

section 4.1.2.. If heat storage capacity is specified, the following moderation will be introduced and
will replace the previous productions.

6.6.1. CHP systems

Heat production and the use of the heat storage give priority to solar thermal, which is calculated as
the maximum value of either solar thermal production or heat demand plus available room in the heat
storage:

Qsolar-m-n2chp = Max [qSoIar-M-HZCHP , ek + (SSOIar-M-HZCHP - SSoIar-M-HZCHP) ]

In case of CEEP
If the solar production is lower than the heat demand and CEEP is positive, the heat demand will be

supplied by the heat storage, if possible. Only in the case that this can not be done, the CHP unit will
be operated. Consequently, the CHP heat production is calculated as follows:

Qm-nzcie = Max [0 , (hM-HZCHP = Ssolar-M-H2CHP ~ qSoIar-M-HZCHP)]

If such CHP heat production exceeds the capacity, the boiler is operated and the CHP heat production
is reduced to the capacity

QM-H2cHP-Boiler = MaXx [0 , (TM-HZCHP - qM-HZCHP)]

Qm-H2cHP = Min [qM-HZCHP , TM-HZCHP]

In case of condensing power production
If the condensing power production is positive, the micro CHP unit will try to produce at maximum

capacity. Only in the case that excess heat production cannot be stored, the CHP unit will be decreased
accordingly. Consequently, the CHP heat production is calculated as follows:

Qm-H2cHP = Min [TM-HZCHP ) (hM-HZCHP = Qsolar-m-H2cHp + (SSoIar-M-HZCHP - SSoIar-M-HZCHP))]
The calculations are done separately for each of the three micro CHP systems starting with the H2-CHP
system, followed by the Ngas system and the biomass system. Between each calculation, the

condensing power and excess productions are calculated.

6.6.2. Heat pump system

After calculating the CHP systems, the heat pump systems are calculated in the following way.
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Like the CHP system, the heat production and the use of the heat storage give priority to solar thermal,
which is calculated as the maximum value of either solar thermal or heat demand plus available room
in the heat storage:

Qsolar-m-np = Max [qSoIar-M-HP , hverp + (Ssolar-m-Hp — Ssolar-m-rp) ]

In case of condensing power production

If the solar production is lower than the heat demand and the production on the condensing power
plant is positive, the heat demand will be supplied by the heat storage, if possible. Only in the case
that this cannot be done, the heat pump units will be operated. Consequently, the heat pump
production is calculated as follows:

qm-np = Max [0 , (hM-HP - Ssolar-M-HP = qSOIar-M-HP)]

If the heat produced by the heat pump exceeds the capacity, the electric boiler is operated and the
heat pump production is reduced to the level of the capacity

Om-we-en = Max [0, (Tw-wp - Qwm-ne)]

Qe = Min [qmene , Twene)

In case of CEEP

If CEEP is positive, the heat pump units will try to produce according to maximum capacity. Only in the
case that excess heat production cannot be stored, the production of the heat pump units will decrease
accordingly. Consequently, the heat production of the heat pump is calculated as follows:

Am-ne = Min [Tuwe , (hvwe - Qsolar-M-Hp + (Ssolar-m-Hp = Ssolar-m-rp) )]
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Diagram 6.8: When heat storage capacity is added to the individual micro CHP systems (the two
lower diagrams), the excess production of the system and the power-only production are decreased
compared to the reference without thermal storage (the two upper diagrams).

Diagram 6.8 illustrates how the model functions in the case of no solar thermal production. An annual
heat demand of 10 TWh/year is specified and the resulting hourly distribution is shown in the upper
diagrams, for a week in January and a week in July, respectively. The next diagram shows the
production in the same weeks divided between the CHP unit and the peak load boiler. On an annual
basis, the CHP unit produces 9.40 TWh and the boiler produces 0.60 TWh of heat. The electricity
production of the CHP units is 5.64 and, in the example, the power plant’s production is 5.88 TWh/year
and the excess production is 12.12 TWh/year. The two lower diagrams show how the model changes
the productions IF heat storage capacity is added. The annual heat and electricity productions from
the CHP unit are the same, but the heat storage allows a decrease in the power plant production and

the excess production of the total system.

In diagram 6.9, the same calculations are shown in which solar thermal is added to the system. In such
case, the model gives priority to the utilisation of the solar thermal input. In the two upper diagrams
without heat storage capacity, the solar thermal input can not be fully utilised. When storage capacity
is added, such capacity is first used in order to increase the utilisation of solar thermal from 1.25 to
1.49 TWh/year, and then to decrease the power-only production and the excess production of the
system.
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Diagram 6.9: Corresponds to diagram 6.8 plus solar thermal, which is then prioritised.

6.7. Electrolyser

The model has a hydrogen system comprised of a population of electrolysers and a hydrogen storage.
This system produces all the hydrogen needed for all hydrogen demands in the other part of the model,
i.e., for transport, micro CHP units, industry, biomass conversion and electrofuels.

The calculation is based on the result of the input calculation described in section 4.2.7.3, in which the
minimum capacity of the electrolyser is identified together with the electricity demand, dg.. The model
seeks to reorganise such production in order to avoid excess and power-only productions.

First, the potential for increasing the production at hours of excess production is identified as the lower
value of either CEEP or the difference between the capacity and the production of the electrolyser:

dEIc-inc-pot = Min [ €ceep , (CEIc - dEIc) ]

Secondly, the potential for decreasing production at hours of power-only production is identified as
the lower value of either the import and the power production or the electrolyser demand:

dEIc»dec»pot = Min [ epp + €import, dEIc]

Then a balance is created in which either the potential of increasing or the potential of decreasing is
lowered to achieve the same level as that of the annual potentials:
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- *

If DEIcM—dec—pot > DEIcM-inc—pot then dEIcM—dec—pot— dEIcM—dec-pot DEIcM—inc-pot /DEICM—dec—pot
- *

If DEIcM-inc—pot > DEIcM-dec—pot then dEIcM—inc—pot = dEIcM-inc—pot DEIcM-dec-pot /DEIcM—inc-pot

A new optimal distribution of the electrolyser electricity demand (producing exactly the same annual
fuel as before) is calculated as:

deiem = deiem - dEIcM—dec—pot + dEIcM—inc—pot

Finally, such distribution is evaluated against the hydrogen storage capacity. First, the changes in
storage content, sgicm, are calculated

Seiem(X) = seicm(x-1) + deiem(X) * cteiem - fM—NgasCHP—TotaI (x)

If the storage content based on such calculation is below zero, the production of the electrolyser is
raised:

If seem <0 then decv = deiem + (— Seiem / Oteiem)

If the storage content exceeds the storage capacity, the production of the electrolyser is decreased:
If Sgiem > Seiem then deiem = deiem + (Seiem - Seiem)

6.8. Heat storage in groups 3 and 2 in simulation 1

To improve the possibilities of minimising the electricity export, the heat storage capacity is included
in the model for each of the district heating groups 2 and 3. Again, such storage capacities are used for
minimising the excess and power-only productions in the system. For simulation strategy 2, it is
included in the calculation of heat pumps, CHP units and boliers. In simulation strategy 1, it is carried
out in the following way.

In three situations, the storage can be loaded:
A: when solar and/or industrial excess heat exceeds the heat demand
B: By increasing the use of HP in situations with electricity export.
C: By moving the electricity production from condensing plants, epp, to CHP plants.

In three situations, the storage can be unloaded:
D: By reducing the CHP production in situations with electricity export.
E: By reducing the boiler production.
F: By reducing the use of HP in situations of PP or import.

B and C are secondary to A, and E and F are secondary to D.

These series are then used in the following order:
1: Critical excess electricity production, eceep, and CHP in group 3
2: Critical excess electricity production, ecgep, and CHP in group 2
3: Exportable excess electricity export, egeep, and CHP in group 3
4: Exportable excess electricity export, egeep, and CHP in group 2
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In order to achieve balance, the calculations are performed in series of two-week periods in which the
storage content at the end of the year is equal to the storage content at the beginning of the year.
These 14 days period can be changed by the user in the simulation input tabsheet “Days of optimizing
Thermal Storage”. Which length to use depends on the size of the thermal storage in comparison to
the heat demand. If the storage is in the size of days the length should be relatively short (like weeks).
However if the storage is in the size so that it can balance seasonal differences the length should be
long (like months).
The five loading and unloading situations are calculated as follows:
A: loading by increasing the use of HP in situations with electricity export
First, the minor of the potential increase in district heating production from HP, gup.inc, and the
potential increase in storage content, sin, is determined:

QHp-inc = Min (eeep , Crp-enp) * (Thp/Chip)

Sinc = SpH — SpH

New values can now be calculated:

enp = exp + MiN(Qnp-inc , Sinc) * (Crp/Thp)

eeep = €gep - MIN(up-inc , Sinc) * (Che/Thp)

Qup = Qup + min(QHP—inc ) Sinc)
SpH = SpH *+ MIN(QHp-inc , Sinc)
B: Moving the electricity production from condensing plants, epp, to CHP plants
First, the minimum condensing power plant production needed in order to stabilise the grid is found
(see section 6.1 for more details):
epp-min = (€Total™ Stabrotal - €crp2™Stabcerpa - (@w1+ ewa+ ews)*Stabwaste - €res1*Stabgesi - €resa* Stabresz
- eRes3*Stabgess-...- €res7* Stabres7 - €chps - ENuclear - €Geothermal = EHydro - ETurbine - €v26- €csp * Stabesp -

ev26*Stabyag - Cimprexp ¥ Stabrrans) / (1 - Stabotal)

Then, the potential increase in district heating production from CHP, qcup-inc, and the potential increase
in storage content, sin, are determined:

dcp-inc = Min [ (Ccre — €crp) ; (€pp — €pp-min) |
Sinc = SpH — SDH
New values can now be calculated:
echp = €chp + MiN(Qckp-inc , Sinc) * (Cere/Terp)
epp = epp - MiN(qcp-inc , Sinc) * (Ccrp/Tehp)

JcHp = Ccrp + MiN(QcHp-inc , Sinc)
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SpH = SpH + min(QCHP-inc , Sinc)
C: Reducing the CHP production in situations with electricity export
First, the minimum CHP production needed in order to stabilise the grid is found. In the case of district
heating (DH) group 2:
€cHp2-min = (ETotal*Stabiotal - (w1t ewa+ ews)*Stabwaste - €res1*Stabgresi - €resa*Stabges - €res3 ™ Stabress
-....- €res7¥Stabres7— (epp/ Stabrotal) - €cHP3 - ENuclear - €Geothermal - ETurbine - EHydro~ €csp * Stabesp -evag*Stabvae
- Cimp/exp T Stabrrans)
/ Stabcp2
And in the case of DH group 3:

€cHP3-min =  €Total* Stabiotal - (€w1t+ ewa+ ews)*Stabwaste - €res1*Stabres: - €res2™Stabresz - €ress™* Stabress
- epesa* Stabresa— (€pp/ Stabrotal) - €Nuclear - €Geothermal = €Hydro = ETurbine - (€crp2/ Stabcrpz )

If ecrps-min < Ccrps-min then ecups-min < Cerpa-min
Secondly, the potential for decreasing the CHP heat production, gcup-red, is identified as the lower value
of either the excess production or the difference between the actual production and the minimum
production required for grid stabilisation:
JcHp-red = Min(€eep ; €cHp — €chp-min) * (Tcrp/Cerp)

New values can now be calculated:

echp = €crp - Min(Qcpred , SoH) * (Cerp/Terp)

eeep = €eep - MiN(Qcrp-red , Son) * (Cenr/Tenp)

QcHp = QcHp - MIN(QcHp-red , So)
SpH = SpH - MIN(CcHp-red , SDH)

D: Reducing boiler production.

First, the smallest potential reduction in boiler production, gs-red, and the potential reduction in storage
content, sreq, are determined:

QB-red = (B
New values can now be calculated:
gs = 0g— MiN(Qg-red ; SoH)

SDH = SpH - MiN(Q-red ; SoH)

E: Reducing the use of HP in situations of production on condensing plants, epp.
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First, the minimum condensing power plant production needed in order to stabilise the grid is found
(see section 6.1 for more details):

€pp-min = (ETota™Stabrotal - €cHp2*Stabcupz - (ewit ewat ews)*Stabwaste - €res1*Stabresa - €res2* Stabresa
- eges3*Stabgess-....- €res7* Stabres7 - €crps - ENuclear - €Geothermal - EHydro - €Turbine - €csp * Stabcsp -€vac-

ev26*Stabyag - Cimp/exp* Stabrrans) / (1 - Stabotal)

Then, the potential decrease in electricity consumption from the heat pump is identified as the
minimum of either the heat pump consumption or the potential decrease in the power plant:

€Hp-dec = MIN [ enp ; (€pp — €pp-min) |

New values can now be calculated:
€Hp = €HpP - €HP-dec

€pp = €pp - €Hp-dec

6.9. Transport (Smart charge and V2G)

Definition of inputs:

Dvaa: Transport demand of V2G cars in TWh/year (defined as demand from the grid)
Ovaa: The distribution of the transport demand in 8784 hourly values.

(The numbers are relative, e.g., each ranging from 0 to 1).
Ccharger: The capacity of the grid connection in MW
V2Gumaxshare: ~ The maximum share of V2G cars which are driving during peak demand hour.
WCharger: The efficiency of the grid to battery connection (charger).
Winverter: The efficiency of the battery to grid connection (inverter).

SV2G-Batiry: The capacity of the battery storage in GWh
V2Gconnection-share: The share of parked V2G cars connected to the grid.

All inputs are expressed for the entire utility system analysed and for the entire vehicle fleet within the
service territory of that utility system. Thus, for example, the maximum system capacity, Ccharger, IS
calculated on the basis of the maximum power of a single car multiplied by the maximum number of
vehicles plugged in at any given time.

One important input is the distribution of the transport demand (dv2c), which is used for two purposes.
One is to determine how many V2G cars are driving and consequently not connected to the grid at the
hour in question. This, together with the V2Guax-share (the maximum share of V2G cars which are driving
during peak demand hour) and the V2Gconnection-share, determines the fraction of the V2G fleet that is
available to the electrical system at any given hour. The other purpose of defining dva¢ is to determine
the discharging of the battery storage caused by driving.
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Initial input calculations

The hourly transport demand, and thereby the discharging of the battery (tv2c), is calculated as follows:
tvag = [ Dvag * Ovag / Z Ovag ] * McHARGE

The grid connection capacity of the total V2G fleet on an hourly basis (cv2g) is calculated as follows:

CvaG = CCharger * VZGConnection—Share * ((1' VZGMax—Share) + VZGMax—Share *(1 - SVZG/MaX(SVZG))

This formula is constituted by three factors. The first factor is Cchareer , the power capacity of the entire
V2G fleet. This is multiplied by V2Gconnection-share, the fraction of the parked vehicles which is assumed to
be plugged. The third factor, in parentheses, calculates the fraction of vehicles on the road at each
hour. The third parenthesised factor is based on the sum of two terms. The first term, (1- V2Gmax-Share),
represents the minimum fraction of vehicles parked. The second term is the additional fraction of
vehicles parked during non-rush hours. The hourly fraction of vehicles parked is derived from the
known input of hourly energy demand for the fleet. This formula yields cv2g , the power capacity of all
connected V2G vehicles, at any given hour. This is a calculation of capacity, not considering whether
sufficient battery power is available. This will be treated in the next section.

The calculation works as described in the following example of 1.9 million cars, each with a grid
connection of 10 kW and each with a demand of 2 MWh/year, equal to 20,000 km/year. The charger
and inverter efficiencies are each defined as 0.9. In total, the demand for transport becomes Dv,6=3.8
TWh/year and a maximum capacity of 19,000 MW. The power used is distributed between a peak
demand during rush hours between 7:00 and 9:00 a.m. and again between 16:00 and 18:00 p.m., as
shown in the diagram for one week (Please, recall that this is battery demand, not electric system
demand, as the vehicles are necessarily disconnected from the grid while driving).

Distribution input

e L | | |

| |
e EL T S =
HinRTRIRRYT YA

0 24 48 72 96 120 144 168

hour

Diagram 6.10: Input distribution of transport demand
Based on such information, the model will calculate the distribution of the demand and thereby also

the discharging of the battery, as shown in the next diagram. The sum of the diagram within a year
becomes 3.42 TWh/year equal to 0.9 * 3.8 TWh/year.
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Diagram 6.11: Transport demand and discharging of battery.

The calculation of the available grid connection depends on the definition of both the maximum share
of V2G cars, V2Gmaxshare, and the share of parked vehicles which are connected, V2Gconnectionshare- If both
are 100 per cent, the result is as shown in the upper figure of diagram 6.12. In such case, the model
assumes that all vehicles are driving during peak demand and, consequently, the grid connection
becomes zero. During low demand, the grid connection becomes equal to the maximum grid
connection, Ccharger, SUbtracting the few vehicles that are driving.

Even during peak demand (rush hour), the model does not assume that all vehicles are driving. By
setting the V2Gwmaxshare Value, one can define how many cars are parked and potentially connected to
the grid during peak demand. In diagram 6.12 (the figure in the middle), the V2Gpaxshare has been
defined as 20 per cent, representing a typical situation in which a minimum of 80 per cent of all cars
are parked during rush hours (Kempton et al 2001).
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Diagram 6.12: The model calculation of the available grid connection for three different combinations
of input definitions.

In the lower figure of diagram 6.12, the input of the share of parked vehicles which are connected,
V2Gconnectionshare, Nas been changed from 100 to 70 per cent and, consequently, the grid connection is
decreased in general by 30 per cent compared to fig 2.

Considerations of the modelling of the battery and loading before disconnecting

The batteries of the V2G fleet are modelled as if one “big battery” existed for the entire vehicle fleet.
The available battery capacity is equal to the maximum capacity. In reality, the total capacity of the
battery is not available all the time, since some of the cars will be driving and can neither discharge to
nor charge from the grid; others will need to drive during the next few hours and thus cannot be
discharged. However, for reasons of simplicity, the model assumes that the batteries for the cars are
fully loaded when the cars disconnect and start driving. Consequently, the model does not gain much
from keeping separate accounts of the share of the battery which is not connected, since this part
would typically be fully loaded within the hour anyway. However, the share representing the cars
driving will change a bit from one hour to another in the case of cars driving for more than one hour.
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If one wants to take such issues into consideration, one could simply make a small reduction in the
input value for the capacity of the battery, Svac-Battery-

The model is required to make sure that the individual car is fully loaded before it disconnects. In
general, the batteries are loaded in the case of excess electric power production. However, when there
is not excess power production, the model has to make sure that the batteries are loaded prior to
driving periods. (In a future refinement of the model, we may assume that the vehicle controller is
able to infer how much charge is needed and would not need to always fully charge if there is no excess
production and vehicle use is highly regular; e.g., if intercity trips are only made on Saturdays, the
battery may not need to be fully charged at early mornings during weekdays.)

The model assumes that the scheduler of each car is 100% accurate in terms of determining when the
driver will need to drive again. Therefore, the scheduler is assumed to prioritise charging of the cars
that will drive again within the next few hours, so if there is only a small amount of excess wind, it is
directed to the cars that will be in use next time. That is, during each hour, the model inspects the
next, e.g., two hours of driving needs, and if the big battery is not sufficiently loaded for this, the
charging is forced even in the case of lack of excess production. In this case, if needed, fossil fuel power
plants will be switched on if there is not enough excess wind production.

Such procedure simulates a situation in which the individual car owner will make priorities in terms of
how to optimise between low charging costs and the security of fully loaded batteries when starting
to drive. The car owner does this by setting prices and limitations on the computer control of the car.
However, the car owner will learn from experience and will soon know how to optimise. He will also
know how many hours in advance he must start the charging of the battery even in the case of no low
prices.

Here, the model on its own identifies the number of hours needed to secure driving and thereby the
minimum battery loading. The necessary number of hours will depend on both the shape and pattern
of the distribution of the transport demand as well as on the definition of the rest of the energy system.
For example, a system in which the excess production is severe will call for less “pre-loading” than a
system in which the excess production is small.

The necessary hours of “pre-loading” are found by use of try-and-error. The model starts by assuring
that the battery always has the minimum load required in order to supply the next hour and if this
results in lack of battery content, the number is raised to two, etc. The number of hours becomes a
result of the calculation. In an optimised electric control system, the number of hours prior to driving
might also be determined by weather forecasts regarding anticipated wind for the next few hours, but
we do not consider such refinements here.

Modelling of the V2G cars

For each hour, the model calculates as follows. The V2G cars are told to charge in the case of available
excess electricity production (eceep) and available battery energy capacity (Svag-Battery - Sv2G-Battery) Within
the limitations of the power capacity of the grid connection (cvzg) for that particular hour. Thus, the
formula utilises the minimum of these three values:

€Charge = MIN [eceep, (Sv2G-Battry - SV2G-Battery ) / MCharge, Cv2G]
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Moreover, as mentioned above, the charging is forced in the case in which the transport demands of
the present and the next “y” hours cannot be supplied by the battery content. Initially, the “y” value is
set to one hour. If this leads to lack of battery content, the value is raised in steps of one hour.

The minimum battery content needed is calculated:

X=a
SV2G-Battary-min = Z tvag

a+y
Then, the charging of the battery is adjusted accordingly, by requiring that:

€Charge >= [SVZG-battery = SV2G-Battary-min 1/ HCharge

If echaree becomes higher than the capacity of the grid connection, cvag, the number of hours, y, is raised
by one, and the calculations start again.

The new battery content is then calculated by adding the above charging and subtracting the
discharging caused by driving (tvag):

SV2G-Battery := SV2G-Battery - tv2G + (eCharge * HCharge)

The V2G cars are told to supply to the grid in the case of a potential replacement of production from
power plants (epp) and available stored electricity in the battery after the supply of the transport
demand:

€y = min [ePP, ((SVZG—Battery - SV2G-Battery —min)* Hinv ), Cva2G ]

The resulting new battery content is then calculated as follows

SV2G-Battery += SV2G-Battery ~ (eInv / }«llnv)

Due to differences in the battery storage content at the beginning and the end of the calculation period
(one year), errors may appear in the calculations. To correct these errors, the above calculation is
repeated until the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the battery storage capacity. After the first calculation, a new initial
content is defined as the resulting content at the end of the calculation. Such procedure is repeated
until the difference is insignificant.

REFERENCES CITED:
Kempton, W., J. Tomic, S. Letendre, A. Brooks & T. Lipman. 2001. Vehicle-to-Grid Power: Battery, Hybrid, and
Fuel Cell Vehicles as Resources for Distributed Electric Power in California. UCD-ITS-RR-01-03.

Kempton, Willett and Jasna Tomic, 2005a. Vehicle to Grid Fundamentals: Calculating Capacity and Net Revenue.
J. Power Sources Volume 144, Issue 1, 1 June 2005, Pages 268-279. doi:10.1016/j.jpowsour.2004.12.025.

6.10. Electricity storage
The electricity storage is described in the model as a hydro storage consisting of the following

components:
- Pump (converting electricity to potential energy) defined by a capacity and an efficiency
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- Turbine (converting potential energy to electricity) defined by a capacity and an efficiency
- Storage (storing energy) defined by a capacity.

On the other hand, the hydro storage can be used for modelling any kind of electricity storage, for
example batteries.

The simulation of the storage is used solely to avoid critical excess electricity production. The storage
facility is regulated in the following way:

The pump is used for filling the storage in the case of critical excess production, eceep > 0. In such case,
the available space in the storage (Scaes— Scags) is calculated and the electricity demand of the pump
(epump) is identified as the minimum value of the following three figures:

- eceep, the critical excess production

- (Scaes— scags) / aeump available storage capacity divided by the pump efficiency

- Cpump, the maximum capacity of the pump.

If eceep> 0 then epump:= min [ eceep, (Scaes— Scaks) / 0tpump , Crump ]
SCAES = SCAES *+ €pump / Qlpump

The turbine is used for emptying the storage, first by replacing import and then power plant production
if epp > 0. In such case, the content of the storage (scazs) is identified and the electricity production of
the turbine (erumine) is identified as the minimum value of the following three figures:

- eimpor, €pp, €lectricity import or electricity production of the power plant, respectively

- Scags * Ururbine, Storage content multiplied by turbine efficiency

- Crurbine, the maximum capacity of the turbine.

If €import> 0 then etumine1:= min [eimpom Scaes * Hturbine, Crurbine]
If epp> 0 then erymine2:= min [ePP; Scags * HTurbine, (CTurbine' eTurbinel]
€Turbine = €Turbinel t €Turbine2

SCAES = SCAES -~ €Turbine / WUTurbine
Due to differences in the storage content between the beginning and the end of the calculation period,
errors may appear in the calculations. In order to correct these errors, the above calculation is
repeated until the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is
defined as the resulting content at the end of the calculation. Such procedure is repeated until the
difference is insignificant.

CAES (Compressed Air Energy Storage)

The electricity storage facility can also be used to model a Compressed Air Energy Storage component.
The CAES component is modelled in a similar way to the pumped hydro storage; the main difference
is the fuel consumption at the electricity production stage. Consequently, one has to specify a CAES
fuel ratio, ¢caes, which is defined as the fuel input divided by the electricity production of the turbine,

€Turbine.
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Please, note that in CAES, the main loss in the storage is heat loss, which occurs only during the initial
hours after compression. As a certain time usually elapses before the expansion phase begins, the heat
loss in the storage is included in the compressor efficiency definition.

The compressor is utilised in the model after calculating the heat and electricity production of the CHP
and power plants, but before reducing excess electricity by use of other means. When hydro storage
is pumped into the system, this is prioritised over the CAES plant operation.

The turbine is utilised with the objective of replacing power plant production.

6.11. Desalination

The desalination unit is described in the model (see the input section) as consisting of the following
components:

- Fresh Water demand and storage:

- Desalination Plant including Pumps:

- Pump Hydro Energy Storage

In principle (if the fresh water demand varies) one may end up in a situation where the maximum
contribution of fresh water from desalination in combination with the fresh water storage content will
not be able to cover the demand in a given hour. Therefore to prevent this from happening, the first
calculation is the fresh water storage capacity required to ensure that the fresh water demand is
always met, which is carried out as follows:

SFRESH-MIN(hour 8784) = Max [ (dFRESH - CDESALINATION) ’ 0 ]

SFRESH-MIN(hour x) = Max [ (SFRESH-MIN(hour x+1) drrest - Coesaunation) , 0]

When operating the plant to minimize electricity excess and power alone production, one may end up
in a situation where an increase in the desalination may decrease excess electricity and there is
available capacity in the fresh water storage, but not in the brine storage. In this situation one has to
choose between one of the following two options: 1) accept excess production or 2) waste brine.
Consequently the user is asked in the input TabSheet if it is ok to lose brine. If the user will not brine
to be lost, then EnergyPLAN will calculate the minimum available content in the brine storage for each
hour in the following way.

First the minimum production of fresh water is identified for hour x (WegesH-minhour x) if the above

minimum content of the fresh water storage can be fulfilled. The value is equal to the demand plus
the difference in the minimum storage content in the given hour and the next:

WERESH-MIN(hour x) = drresh + (SFRESH-MIN(hour x+1) = SFRESH-MIN(hourx))
The equivalent minimum brine production is then given as:
WBRINE-MIN(hour x) = WeResH-MiN(hour x) / SHAREfresn * SHAREgrine
In order not to waste brine the available capacity in the storage in the beginning of hour x (Sgrine -

SeriNE(hourx)) Nas to be bigger than the difference between the minimum input of brine and the maximum
capacity of the turbine:
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%
SBRINE - SBRINE(hourx) >  WBRINE-MIN(hour x) © QBRINESTORAGE - CTURBINE

And therefore the maximum content in the brine storage can be found as:

- *
SBRINE-MAX(hourx) = SBRINE - WBRINE-MIN(hour ) * ®BriNEsTORAGE + CrURBINE

This maximum content represents a situation in which the desalination unit is operated accurately to
assure the necessary content in the fresh water storage at any hour. However if the desalination plant
has been used to fill the fresh water storage above, the minimum content necessary. this represent a
situation in which the demand for minimum fresh water production is decreased. This decrease
influences the brine production and subsequently also the demand for minimum available space in the
brine storage to avoid waste of brine.

The possible reduction in input to the brine storage (ASgrine) can be found as a function of the content
in the fresh water additional to the necessary minimum content (Srresn - SrresH-mIN)

(ASBRINE) = (SFRESH - SFRESH—MIN) / SHAREFRESH * SHAREBRINE * ¢BRINESTORAGE

As can be seen the reduction in the demand for available content in the brine storage depends on the
actual content in the fresh water storage. Consequently the requirements for the brine storage cannot
be defined on beforehand as for the fresh water storage. However the following equation can be
defined and used in the calculations below:

SBRINE-MAX = SeRINE - WaRiNe-MIN ¥ OsrinesTorace + Crursine
- (SrresH - Seresh-min) / SHAREfresn * SHAREgRiNE * derinesTORAGE

All values except the actual content in the fresh water storage (seresn) are known beforehand.

In the energy systems analysis on the complete energy system the desalination plant is included in the
following steps:

A.

First the hourly electricity demand of the fresh water pump, the desalination plant and the electricity
production of the turbine (as calculated above) is included as input to the general energy system
analysis of rest of the energy system. Based on this, the resulting hourly excess electricity production
(eexcess) is calculated as well as an hourly production on power alone condensing units in the system
(Epp).

B.
If there is excess production in a given hour (eexcess > 0) then the system will try to eliminate the excess
production in the following sequence:

1. Reduction of turbine production due to available capacity in the brine storage. (If the user has

chosen that no brine should be wasted, then the production from the turbine cannot be below
the level in which the content in the brine storage comes above the maximum value as
calculated by the formula mentioned above under initial calculations) NOT implemented YET
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2. Increase production on the desalination unit due to available capacity of the desalination plant
as well as available capacity in both the fresh water storage and the brine storage.
3. Start the pump due to available capacity in the brine storage.

C.
If there is production on the power alone units in a given hour (epe > 0) then the system will try to
eliminate some production in the following sequence:

1. Increase the turbine production due to available capacity of the turbine as well as brine.

2. Decrease production on the desalination plant, however not below the production which will
secure the necessary content in the fresh water storage for the next hour.

Sequence B and C will be repeated once to secure the same content in the storages at the beginning
of the year as by the end of the year.

On the results printout, the values are incorporated as follows:
e The electricity demand of the desalination plant is added to “Flex & Transp.”

e The electricity demand for the fresh water pump and the hydro power pump is added to
“Hydro Pump”.
e The electricity production from the turbine is added to “Turbine”.
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7. Market-Economic Simulation

If market-economic simulation is chosen, the following simulation procedure is used. The model
distinguishes between business economy (including taxes) and socio-economy (NOT including taxes).
Basically, the model identifies the least-cost solution of the system, assuming an electricity market on
which all plant operators seek to optimise their business-economic profit.

7.1. Net import and resulting external market price

The market-economic modelling is based on the identification of the market price at each hour
resulting from the demand and supply of electricity. Moreover, the exact production of the various
units in which the resulting market price becomes equal to the marginal production price is identified.
Similar balance prices are found for electricity-consuming units such as heat pumps and electrolysers.

Consequently, the following types of calculations are done continuously as an integrated part of each
of the following sequences (sections 7.2-7.9) in the market-economic simulation procedure.

7.1.1. Calculating the resulting market price
First, the net import is identified as the difference between the electricity demand, drota, and the
supply, erotar:

dNet—Import = drotal - ETotal

drotal = de + dex + dx + dcool + Usiogas + daasi + dsiopetrol + daiobiesel + eic + dev + dvag
+ dI—HP-totaI + dI—EH + dHPZ + dHP3 + dPump + dHydroPump"‘ dSteamStorage

in which dex = dexpay + drxweek + drxaweek
€Total = €pp + €Rres T €M-cHP T €Hydro T €Nuclear T €Geothermal T €v2G + €w + €csHp + €cHp2 + €cHp3 T€cHP3-MIN T €Turbine
+ ecsp
in which eres = eres1 + €res2 + €res3 +....+ Eres7
and em.cHp = em-hacHp + EM-NgascHP + EM-BioCHP

In the calculation of the net import, the production from CHP3 is divided into ecups and ecups-min as
explained in section 7.3 below.

The market price on the external market, pyx, is now found as follows:
px = pi+ ( Pi / Po )* I:acdepend * dNet—Import
where  pjis the system market price (se epend is the price elasticity (DKK/MWh/MW)
po is the basic price level for price elasticity (input),

dnet-import IS the trade on the market.

Import is calculated as positive and export is negative, resulting in an increase in the market price in
the case of import and a decrease in the case of export.

148



7.1.2. Calculating the balance production

The balance production from a certain unit in which the resulting market price becomes equal to the
marginal production price is identified as an integrated part of the procedure. Here, such calculation
is illustrated by the example of the geothermal power plant.

First, the net-import, dnetimport, is calculated as well as the market price, px, as described above in
section 7.1.1, when the electricity production of the geothermal power plant is zero.

Then, the balance production is calculated as follows:

BalanceProductiongeothermal = - [ ( VEPPGeothermal - Px )/(Facdepend * Px /po ) - dNet—Import]

where  VEEPgeothermal is the marginal production cost of geothermal power production
px is the market price before geothermal production (see section 7.1.1),
Facgepend is the price elasticity (DKK/MWh/MW)
Po is the basic price level for price elasticity (input),
dnet-import IS the trade on the market before geothermal production

The formula is typically subject to the limitations on power plant capacity.

Using the ‘Transmission capacity’s effect on system price’ in ‘Simulation’ it is possible to choose
whether the transmission line capacity should limit dnet-import or not. If EnergyPLAN is set to
‘Transmission capacity limits the effect on the system price’, then dnetimport will be limited to the
transmission line capacity of the system, in absolute values. If EnergyPLAN is set to “Transmission
capacity does not limit the effect on the system price”, then the transmission line capacity does not
limit dNet—Import.

7.2. The overall procedure

The simulation is done in the following steps:

Step 1: Electricity Market Definition

The electricity market is defined by the inputs in the ‘Cost->External Electricity Market’ tab sheet, as
described in section 4.4.2. The fluctuations of the market prices are presented as an hourly distribution
file. One can change such prices by adding or multiplying figures, as described in section 4.4.2. The
influence of import/export on the external market prices is given in terms of a dependence factor
(price elasticity and a basic price level for the price elasticity).

When the business-economic best operation strategy is identified for each plant in the following, the
influence on the market price is taken into consideration.
Step 2: Identifying marginal production (and consumption) costs

All marginal production costs are calculated on the basis of fuel costs, taxes, CO, costs and variable
operational costs, as described in section 4.4. For units connected to district heating plants (such as
CHP and heat pumps), power stations and individual micro CHP, marginal costs are given in DKK/MWh

149



of electricity production/consumption. For storage units such as hydrogen CHP and pump storage
systems, marginal costs are given according to a multiplication factor together with an addition factor.
Basically, the simulation criterion is the following:

Psell > Pouy ¥ fmuL+ faop

In which psei  is the market electricity price when selling (DKK/MWh)
Pouy is the market electricity price when buying (DKK/MWh)
fmud is the multiplication factor (always higher than 1), and
fapp is the addition factor (DKK/MWh)

Step 3: Starting point electricity market prices

As a starting point for the simulation, the electricity system prices are calculated on the basis of:
- the electricity demand including flexible demand (calculated as described in section 6.3)
- the production from RES (Wind power, PV etc.)

The production from RES is potentially affected by the “RES influence on system electricity price”
setting, which has two options:

e “Zero bidding price (RES can stop)”: When using this option, the Variable Renewable Electricity
sources’ production will be curtailed at negative system electricity market prices. The Variable
Renewable Electricity sources are curtailed starting with the top listed.

e “Negative bidding prices (RES cannot stop)”: When using this option, the Variable Renewable
Electricity sources’ production will not be curtailed due to negative electricity market prices.

As a starting point, all district heating is defined as supplied by boilers.

The sequence of optimising the individual plants is then identified by the subsequent procedure.

Step 4: Optimising the buying of given hydrogen and electricity demands

The least-costs solutions of buying the minimum amount of electricity needed to meet the following
demands are identified, given the market price fluctuations and limitations on storage capacities, etc.:
- for producing hydrogen for transport
- for charging electric vehicles
- for producing hydrogen for micro CHP systems

When identifying the least-cost solution for the hydrogen micro CHP systems, the option of producing
heat on a boiler using less hydrogen than the CHP unit is considered in situations of high electricity
prices.

In the case of smart charge EV and V2G (Vehicle to Grid) possibilities, the optimal business-economic
solutions of buying and selling are found on the basis of the multiplication and addition factors
identified in the Cost Operation tab sheet (see section 4.4).
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Step 5: Optimising electricity consumption options
The following electricity-consuming options are sorted according to marginal consumption costs:

- replacing boiler with heat pumps in district heating group 2

- replacing boiler with heat pumps in district heating group 3

- replacing boiler with electrolysers in district heating group 2

- replacing boiler with electrolysers in district heating group 3

- replacing electric heating with heat pumps in individual houses

- replacing boiler with electric boiler in district heating group 2

- replacing boiler with electric boiler in district heating group 3

- producing steam for high temperature thermal storage if the electricity price is lower than

the cost of fuel for PP and CHP3 taking efficiencies into account.

Each option is then optimised according to market electricity prices, starting with the option with the
highest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (increases the price).

Step 6: Optimising hydro power and CSP (Concentrated Solar Power)

Then, the best business-economic production from CSP is identified taking into consideration
limitations on storage and generator capacities. And a similar calculation is done for hydro power.

In the case of pump possibilities, the optimal business-economic solution of buying and selling is
identified on the basis of the multiplication and addition factors identified in the Cost Operation tab
sheet (see section 4.4).

Step 7: Optimising electricity production options

The following electricity production options are then sorted according to the lowest marginal costs of
production:

- Nuclear

- Geothermal

- Condensing Power plants

- Individual Ngas CHP

- Individual biomass CHP

- CHP replacing boilers in gr.2

- CHP replacing boilers in gr.3

- CHP replacing heat pumps in gr. 2

- CHP replacing heat pumps in gr. 3

- CHP replacing electrolysers in gr. 2

- CHP replacing electrolysers in gr. 3
Each option is then optimised according to market electricity prices, starting with the option with the
lowest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (decreases the market price).
Limitations on transmission lines are taken into consideration by setting a limit on the production of
each unit so that the total export will not exceed the transmission capacity (if possible).
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Limitations on import are calculated with regard to the condensing power plants, which will simply be
activated in the case that the import transmission capacity is exceeded.

Step 8: Optimising electricity storage (Hydro or battery or CAES storage)

The optimal business-economic solution of buying and selling is identified on the basis of the above-
mentioned multiplication and addition factors.

Step 9: Steps 3 to 8 are repeated

In order to calculate the impact on the simulation of the consumption units after the market price is
influenced by the production options, the procedure from steps 3 to 8 is repeated.

Step 10: Critical Excess Production

Any critical excess production is removed following the usual technical simulation procedure of
EnergyPLAN (see chapter 8).

7.3. CHP3 minimum production

If a minimum CHP production in district heating group 3 is specified as input in the ‘Balancing & Storage
-> Electricity’ tab sheet (see section 4.4.2), then such minimum capacity is treated separately from the
rest of the CHP production.

In the beginning of the simulation procedure, the electricity production, ecups-miy, is set as equal to the
CHP3 minimum capacity, Cches-min, and the heat production is calculated accordingly. However, if the

heat production at one hour exceeds the difference between the district heating demand and the solar
thermal and industrial and waste heat productions, then the heat production is reduced accordingly.

ecp3-Min = CcHp3-Min
QcHP3-Min = €CHP3-Min * PcHpr3 / HcHpr3
If JcHP3-Min > dons — Qsolar3 — Qw3 — Jindustry-DH3 then qcHP3-Min = donz — Qsolar3 — Qw3 — Jindustry-DH3
The CHP3 capacity is then decreased by the minimum capacity when the simulation procedure of

section 7.8 is completed. In the end (after sections 7.4 to 7.9), the two sets of productions are
combined in one resulting CHP3 electricity and heat production.
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7.4. District heating supplied by solar thermal and boilers

As a starting point in each of the district heating groups 2 and 3, the boilers are defined to supply all
heating after solar thermal production and industrial and waste heat:

gs = hoH — gsolar — Qw - qcsHp

7.5. Hydrogen and electricity demands for transport and micro CHP

Least-cost solutions of buying the minimum amount of electricity required to meet the following
demands are identified given the market price fluctuations and limitations on storage capacities, etc.
- for producing hydrogen for transport
- for charging electric vehicles
- for producing hydrogen for micro CHP systems

7.5.1. Hydrogen for transport

The model seeks to minimise the business-economic costs of buying electricity to meet the specified
hydrogen demand for transport.

First, the annual electricity demand, Drransport-t2, i calculated on the basis of the annual hydrogen
demand, Frransport-t2, (Specified in the Input Transport tab sheet, section 4.1.5) and the electrolyser
efficiency, agcr, (specified in the Input Storage tab sheet, section 4.3):

DTransport—HZ = FTransport—HZ / OLElcT

The minimum number of electrolyser production hours, h-MINgcr, is calculated as the demand divided
by the capacity of the electrolyser:

h-MINger = round ( DTransport—HZ /CEIcT)
Then, the market price (at the present stage of the procedure, i.e., in the beginning with no
productions) is identified, as described in section 7.1. Based on these prices, the model identifies the
hours of least-cost production, i.e., the hours up to h-MINgcr with the lowest market prices. The model
identifies the maximum buying price, pecr-max, if all production hours are placed at times with the

lowest possible market prices.

The model now includes the limitations on the hydrogen storage. Basically the electrolysers produce
whenever the market price, py, is below pecr-max:

If px < pecrmax then eger=Cacr else epcr=0
Then, the hydrogen storage content of hour x, sgcr(x), is calculated:
SEIcT(X) = SEIcT(X'l) + €EelcT * OlElcT - fTransport—HZ

If the storage content at hour x becomes negative, the model looks back from hour x to the latest hour
at which the storage was full, and identifies and activates the available hour of production with the
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lowest market price. Such procedure is repeated until the storage content at hour x is no longer
negative.

On the other hand, if the storage content at hour x exceeds the capacity of the storage, the model
looks back from hour x to the latest hour at which the storage was empty, and identifies and deletes
the hour of production with the highest market price. Again, such procedure is repeated until the
storage content at hour x no longer exceeds the capacity.

Due to differences in the storage content between the beginning and the end of the calculation period,
errors may appear in the calculations. In order to correct these errors, the above calculation is
repeated until the storage content at the end is the same as at the beginning.

7.5.2. Electricity demand for transport (BEV and V2G)

In the input, electricity for transport is divided into three options. The one is specifying a fixed
electricity demand. Such demand is included in the demand, as shown in section 7.1.1. The two other
options are smart charge BEV and V2G. In both cases, the model seeks to minimise the business-
economic costs of buying electricity in order to meet the annual demands. Moreover, in the V2G case,
the model seeks to optimise the business-economic profit from buying and selling electricity to the
grid.

When optimising smart charge or V2G, one can (in the simulation tab sheet) choose between 3 options:
- V2G simulation 1 (No limitations). In this situation, the V2G will try to optimise profits given
the external market prices (including the influence from buying and selling from the V2G itself)
without any limits with regard to grid or transmission capacities, as described in the following.
Such optimisation of profits may, however, lead to severe power plant and grid capacity
problems and bottlenecks and may cause problems to the system. Therefore, one has the

option of setting a limit on the charging of smart charge and V2Gs.

- V2G simulation 2 (Limitation: Smart Charge/V2G charge <= PowerPlant-cap + import-max -
electricity demand). In this case, charging is limited to the sum of power plant (PP) and
transmission line capacities minus electricity demands.

- V2G simulation 3 (Seeks to minimise PP max). In this case, the smart charge or V2G will try to
charge and discharge in order to minimise the use of power plants.

The starting point for the simulation is the hourly calculation of the electricity demand (from the grid),
dva; the transport demand (from the battery), tvos, and the charging and discharging capacity, cvag,

calculated as described in section 6.9. Please, note that, due to the fact that not all vehicles are
connected at the same time, the charging capacity changes from one hour to another.

Minimising cost

For the two first simulation strategies, the modelling starts by assuming infinite battery storage
capacity and identify by iteration the maximum price of buying, Pmaxbuy, When the difference between
charging and discharging fulfils the electricity demand for transport.

The iteration is done as follows:

First, @ Pmax-buy Value is assumed.
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If the system price is below Pmax-buy, the maximum charging, which will still leave the system price below
Pmax-buy, 1S identified, as described in section 7.1.2. Such charging is then activated taking into account
limitations on charging capacity and, in the case of V2G simulations strategy 2, also the limitations on
power plant and transmission line capacities.

Then, the minimum selling price which will provide a profit is identified as:
Pmin-sell > Pmax-suy * fmutvac + fabp-vace

If the system price is above Pwin-sen, the maximum discharging, which will still leave the system price
above Pminsen, is identified, as described in section 7.1.2. Such charging is then activated taking into
account limitations on discharging capacity.

After completing the calculation of the whole year, the annual charging and discharging values are
compared to the electricity transport demand. The Pmaxbuy Value is then changed gradually until a
balance is found which constitutes the best business-economic profit, provided that the storage

capacity is infinite.

Based on this Pmax-buy Value, the model takes into consideration the storage limitations in the following
way:

The battery storage content of hour x, svx6(x), is calculated:
SVZG(X) = SVZG(X'l) +dvae * Wcharger - tv2G - €vaa / Hinv

If the battery storage content at hour x becomes negative, the model first decreases the discharging
and then increases the charging until a balance is found.

On the other hand, if the storage content at hour x exceeds the capacity of the storage, the model
simply decreases the charging until a balance is found.

Due to differences in the storage content between the beginning and the end of the calculation period,
errors may appear in the calculations. In order to correct these errors, the above calculation is
repeated until the storage content at the end is the same as at the beginning.

Minimising PP max

For the V2G simulation strategy 3, the modelling also starts by assuming infinite battery storage
capacity. However, in this case, the model seeks to identify by iteration the PP production, PPmay, by
which the difference between charging (when PP is below PPp,) and discharging (when PP is above
PPmax) fulfils the electricity demand for transport.

The iteration is done as follows:

First, a PPmax value is assumed.

If PP is below PPnay, the charging is set to the difference between PP and PPmax plus critical excess
production.
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If PP is below PPnax, the discharging is set to the difference between PP and PPax.

After completing the calculation of the whole year, the annual charging and discharging values are
compared to the electricity transport demand. The PP« value is then changed gradually until a
balance is found which constitutes the best level of PP peak productions given an infinite battery.

Based on this PPmax value, the model takes into consideration the storage limitations in the same way
as described above for the cost simulation.

Please, note that both of the strategies (minimising cost or PP max) assume that the users of V2G by
learning experience are able to identify at which price level (of PP max) they should buy. However,
they are not assumed to be able to look into the future with regard to variations in prices nor power
plant productions.

7.5.3. Hydrogen for micro CHP

The model seeks to optimise the business-economic profit of buying electricity in order to meet the
specified hydrogen demand for micro CHP and sell electricity from the CHP unit. In the model, the
micro CHP system consists of a CHP unit and a boiler supplied only by hydrogen, and consequently, the
annual hydrogen demand can vary by shifting from the CHP unit to the boiler and back again.
Moreover, both hydrogen and heat storage can be specified, which provides for flexibility both
regarding when to buy and when to sell electricity on the market.

Then, the model identifies hour by hour the least-cost operation of the CHP unit and the boiler, taking
into account solar thermal and heat storage as well as hydrogen storage capacities, in the following
way:

Priority is given to solar thermal production

Priority is given to solar thermal production. First, the model identifies the maximum solar thermal
output given the heat demand and the heat storage capacity. As part of the calculation, the model
identifies the share of the heat storage which is occupied by solar thermal as a result of such operation.
Boiler production is the starting point

Then, the minimum hydrogen demand, fy-12che-Total, and corresponding electrolyser electricity demand,

eecv, are found in the case when the heat demand is supplied by the boiler only after solar thermal
production.

OM-H2CHP-Boiler = hm-r2cHe — Qsolar-M-H2CHP
fM-H2cHP-Total = qM-HZCHP-BoiIer/ PM-NgasCHP-Boiler

eciem = fmracHp-Total / Oleiem
The marginal price of producing additional hydrogen for the CHP unit is identified

For each hour x, the model looks back and forth and identifies a period starting with full hydrogen
storage and ending with empty hydrogen storage. For such period, the model identifies the marginal
least-cost hour of hydrogen production. Based on the market price at such houry, puuy, the minimum
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selling price of the CHP unit which will provide a profit in hour x, psa, is calculated as the market price
at hour y adjusted according to the multiplication and addition price factors defined in section 4.4, in
terms of efficiencies and variable operational costs.

Psel > Pouy ¥ fmut-m-nzcrp + faop-m-racHp

The CHP unit is activated if profitable and if allowed by the heat storage

The boiler production is set to zero and the minimum selling price of hour x determines whether the
CHP unit should operate. The production is identified as the minimum value of either the CHP capacity
or the production which will influence the market price to such extent that it will become equal to the
minimum selling price.

If psel < px(x) then emtackp = Cvnachp  €lse emracie = 0
If it is decided to operate the CHP unit, the heat storage content is identified:
Sm-H2cHP(X) = Sm-nackp(X-1) - hm-Hackp - Olsolar-M-H2CHP = OM-H2CHP

If at hour x, the heat storage content exceeds the capacity, the model looks back from hour x to the
latest hour at which the storage content (minus the share of the storage which is occupied by solar
thermal) becomes lower than the CHP heat production, and identifies the hour y, which has the lowest
market price. The production at hour y is decreased until the heat storage content at hour x does not
exceed the capacity.

If, on the other hand, the heat storage at hour x becomes below zero, the boiler is activated.

Identifying minimum production costs of the electrolyser

Based on the optimal hydrogen demand, Fum-nachp-total, identified above, the electrolysers are now
optimised in the same way as the electrolysers for hydrogen production for transport. The annual
electricity demand, Dgiy, is calculated on the basis of the annual hydrogen demand, Fy-nacHp-Total, and
the electrolysers’ efficiency, arcv (specified in the Input Storage tab sheet, section 4.3):

Deiem = Fm-nachp-Total / Oleiem

The minimum number of electrolyser production hours, h-MINgcw, is calculated as the demand divided
by the capacity of the electrolyser:

h-MINgem = round ( Deiem / Ceiem )

Then, the market price (at the present stage of the procedure, i.e., in the beginning with no
productions) is identified, as described in section 7.1. On the basis of these prices, the model identifies
the hours of least-cost production, i.e., the hours up to h-MINgum with the lowest market prices. The
model also identifies the maximum price, peicr-max, of buying if all production takes place at the lowest
possible market price.
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Including hydrogen storage capacity limitations

The model now includes the limitations on the hydrogen storage in the same way as for the transport
hydrogen production described in section 7.5.1.

7.6. Electricity consumption of heat pumps and DH electrolysers

The following electricity-consuming options are sorted according to marginal costs:

- replacing boiler with heat pumps in district heating group 2

- replacing boiler with heat pumps in district heating group 3

- replacing boiler with electrolysers in district heating group 2

- replacing boiler with electrolysers in district heating group 3

- replacing electric heating with heat pumps in individual houses

- replacing boiler with electric boiler in district heating group 2

- replacing boiler with electric boiler in district heating group 3

- producing steam for high temperature thermal storage if the electricity price is lower than

the cost of fuel for PP and CHP3 taking efficiencies into account.

Each option is then optimised according to market electricity prices, starting with the option with the
highest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (increases the price).

7.6.1. Heat pumps in district heating groups 2 and 3

If the option of replacing boilers by heat pumps in district heating group 2 has the highest marginal
cost, it is optimised according to market electricity prices in the following way:

First, the system price, px, is calculated and the balance production of the heat pump,
BalanceProductionyp,, is found as described in section 7.1.

Then, the balance production is limited by the capacity of the heat pump:
If BalanceProductionyp, <0 then BalanceProductionyp; =0
If BalanceProductionsp, > Chp then BalanceProductionup; = Cup
And the corresponding thermal output is calculated:
gnp2 = BalanceProductionuez * duez

If the corresponding heat production is lower than the boiler production, the boiler production is
simply reduced accordingly:

If qur2<qsz then qs2=0s2- qur2

However, if the corresponding heat production is higher than the boiler heat production, the boiler
production is set to zero and the heat storage is included in the calculation in the following way:

If gue2>qgs2 then spyz=SpH2+ (gue2—Qgs2) and Qs =0
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If such increase in the storage content at hour x has the consequence that the content exceeds the
storage capacity ( spn > Son ), the model looks back from hour x to the latest hour at which the storage
was empty (lower than the heat production of the heat pump at hour x) and identifies the hour (y) at
which the heat pump was producing at the highest market price. Such production at hour y represents
the best alternative to decreasing productions in order to avoid overload at hour x.

The procedure is done in the same way for the heat pumps in district heating group 3.

7.6.2. Electrolysers replacing boilers in district heating groups 2 and 3

If the option of replacing boilers by electrolysers in district heating group 2 has the highest marginal
cost, it is optimised according to market electricity prices in the following way:

First, the system price, px, is calculated and the balance production of the electrolyser,
BalanceProductiongyc,, is found as described in section 7.1.

Then, the balance production is limited by the capacity of the heat pump:
If BalanceProductiong; <0 then BalanceProductiongc; =0
If BalanceProductiongi; > Cacz then BalanceProductiong; = Ceicz
And the corresponding thermal output is calculated:
Jeicz = BalanceProductiongicz * peic

If the corresponding heat production is lower than the boiler production, the boiler production is
simply reduced accordingly; and if it is higher, the electrolyser production is reduced:

If gec2<0gs2 then gs2=gs2— Qe
If gec2>qs2 then gec2=0s2 and g =0
Finally, the electricity consumption of the electrolyser is found as:

decz = Qec2/ Peie

The same procedure is followed in the case of the electrolysers in district heating group 3.

7.6.3. Heat pumps in individual households

If the option of heat pumps in individual households has the highest marginal cost, it is optimised
according to market electricity prices in the following way:

Priority is given to solar thermal production. If solar thermal production exceeds the heat demand,
priority is given to the excess production in the heat storage. Consequently, the model first calculates
the maximum share of the solar thermal production which can be utilised, given the distributions of
heat demand and solar thermal production and given the capacity of the heat storage.
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Then, the system price, px, is calculated and the balance production of the heat pump,
BalanceProductionm.pp, is found, as described in section 7.1.

The balance production is limited by the capacity of the heat pump:
If BalanceProduction.sp <0 then BalanceProduction. =0
If BalanceProduction.ue > Ciup then BalanceProduction;wp = Ci.ip

The corresponding thermal output is calculated:

gi-ne = BalanceProductioni.upe * ¢rup
Now the heat storage content at hour x is calculated as

Si-ip(X) = Sinp(X-1) + Qivp + Qfi-Hp-solar — hi-np
If the storage content goes below zero, the electric heating boiler is started:
If siup <0 then qinp-soiler = - Si-p

If the storage content at hour x exceeds the storage capacity ( son > Son ), the model looks back from
hour x to the latest hour at which the storage was empty (lower than the heat production of the heat
pump at hour x) and identifies the hour (y) at which the heat pump was producing at the highest

market price. Such production at hour y represents the best alternative to decreasing productions in
order to avoid overload at hour x.

7.6.4. Electric Boilers in district heating groups 2 and 3

If the option of replacing boilers by electric boilers in district heating group 2 has the highest marginal
cost, it is optimised according to market electricity prices in the following way:

First, the system price, px, is calculated and the balance production of the electric boiler,
BalanceProductiongp,, is found as described in section 7.1.

Then, the balance production is limited by the capacity of the electric boiler:
If BalanceProductiong; <0 then BalanceProductiong; =0
If BalanceProductiongp; > Cepz then BalanceProductiongp; = Cepa
And the corresponding thermal output is calculated:
Qep2 = BalanceProductiongp;

If the corresponding heat production is lower than the boiler production, the boiler production is
simply reduced accordingly:

If ger2 < QB2 then Qs2 = QB2 — Qepr2
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However, if the corresponding heat production is higher than the boiler heat production, the electric
boiler heat production is reduced accordingly:

If qer2>0s2 then qe2=0qs2 and =0

The procedure is done in the same way for the electric boilers in district heating group 3.

7.6.5. Electricity consumption for steam to High Temperature Thermal
storage.

If the option of producing steam has the highest marginal cost, it is optimised according to market
electricity prices in the following steps:

Step 1: An initial storage content is defined as 50% of the capacity.
Step 2: The potential of using steam to replace fuel in PP is calculated as:
PPsteam = ( (€pp / Mpp) / Hsteamstorage ) * SteamStorageshare
- In which SteamStoragesnare represents the share of PP/CHP3 in the system, which has access
to steam storage, and Listeamstorage iS the steam/fuel ration, i.e. how much fuel the steam

replaces.

The PPstwam value is then adjusted with regard to the limits of the storage content and the discharging
capacity of the steam storage.

Step 3: Same procedure is calculated for the CHP3 units.

Step 4: The system price, py, is calculated and the balance production of the electricity for steam input
is found similarly to the previous calculations in section 7.6.

Then, the balance production is limited by the capacity of the steam charging and the available CEEP.

Step 5: The storage content after the hour is calculated as the content in the beginning of the hour
plus the charging from CEEP minus the discharging for PP and CHP3.

Step 6: The losses are calculated as the storage content multiplied by the loss (in share per hour).
Step 7: The content of the storage by the end of the year is identified, and used as new initial storage

content before steps 2-6 are repeated. In this way the net-input from the storage becomes zero on an
annual basis.
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7.7. Hydro Power

7.7.1. Hydro Power

The best business-economic production from hydro power is identified taking into consideration
limitations on storage and generator capacities. In the case of pump capacities, the optimal business-
economic solution of buying and selling is found on the basis of the multiplication and addition factors
identified in the Cost Operation tab sheet (see section 4.4). The simulation is done in the following
way:

First, the maximum potential hydro power production, Enydro, is calculated, as described in section
4.2.2.3, taking into account the distribution of the water supply, the limitations on the water storage
and the capacity of the hydro power generator.

Based on this maximum hydro power production, the model identifies a suitable content of the water
storage to have in the start of the year, i.e. a storage content which makes it technically possible to
utilize all the potential hydro power.

Next, the model identifies the electricity market prices without any hydropower production including
the maximum price of the year. And on the basis of the difference between the maximum and the

minimum price of the year is calculated a suitable delta-price for the following iteration.

Now the model sets a target price and calculate the following three steps. In the beginning the target
price is set high, i.e. the maximum price minus the delta price.

Step 1: The Hydro power plant will produce and sell electricity as long as the resulting selling price on
the market is higher than or equal to the target price.

Step 2: The Pump is active if the market price is so low that it will make a profit assuming that the

electricity can afterwards be sold to the target price.

The maximum pumping/buying price, psyy , which will provide a profit, is calculated as the market price
at the given hour adjusted for the multiplication and addition price factors found in section 4.4, which
adjust for efficiencies and variable pump and turbine costs.

PSeII > PBuy * fMUL—HydroPump + fADD-HydroPump

The minimum selling price is then compared to the target price, and if the market price is higher, then
the hydro power pump, duydro-pump, is activated:

If Psenn < pX(X) then dHydroPump = CHydroPump else dHydroPump =0
Step 3: Now the hydrogen storage content of hour X, suyaro(X), is calculated:
SHydro(X) = SHydro(X'l) + WHydro = €Hydro / WUHydro + dhydropump * ClHydroPump

If the storage content at hour x becomes negative, the hydro power production is reduced accordingly.
If the storage content exceed the capacity the pump is reduced if any or the exceeding water is lost.
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After running through these three steps of the whole year the resulting content of the storage is
compared to the content defined in the beginning. If the storage content is higher the target price will
be reduced and the steps are repeated until a balance is achieved.

7.7.2. Concentrated Solar Power (CSP)

The best business-economic production from CSP is identified taking into consideration limitations on
storage and generator capacities. The simulation is done in the following way:

First, the initial storage content is defined as zero.

Next, the model identifies the electricity market prices without any CSP production including the
maximum price of the year. On the basis of the difference between the maximum and the minimum
price of the year, a suitable delta price for the following iteration is calculated.

Now the model sets a target price and calculates the following three steps. In the beginning, the target
price is set high, i.e. the maximum price minus the delta price.

Step 1: The CSP plant will produce and sell electricity as long as the resulting selling price on the market
is higher than or equal to the target price.

Step 2: The storage content of hour X, suydro(X), is calculated:

SCSP(X) = SCSP(X'l) + Solarcsp — ecsp / Wesp
If the storage content at hour x becomes negative, the CSP production is reduced accordingly.

If the storage content at one hour x exceeds the storage capacity, the model will go back to the
previous hour of full storage capacity and lower the target price and proceed from this hour. This
procedure will be repeated until all CSP is sold on the market and there is no excess storage content.

Following this procedure assures that the CSP plant optimises the income on the electricity market.

7.8. Electricity production from CHP and power plants

The following electricity production options are sorted according to marginal production costs:
- Nuclear
- Geothermal
- Condensing Power plants
- Individual Ngas CHP
- Individual biomass CHP
- CHP replacing boilers in gr.2
- CHP replacing boilers in gr.3
- CHP replacing heat pumps in gr. 2
- CHP replacing heat pumpsingr. 3
- CHP replacing electrolysers in gr. 2
- CHP replacing electrolysers in gr. 3
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Each option is then optimised according to market electricity prices, starting with the option with the
lowest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (decreases the market price).

Limitations on transmission lines are taken into consideration by setting a limit on the production of
each unit so that the total export does not exceed the transmission capacity (if possible).

Limitations on import are calculated with regard to the condensing power plants, which will simply be
activated in the case that the import transmission capacity is exceeded.

7.8.1. Nuclear

Nuclear power is optimised in the following way: If the market price goes below the marginal
production costs, the production is reduced.

The simulation takes its starting point in the simple calculations described in section 4.2.2.2 in which
the production is simply determined by the capacity and the hourly distribution.

Then, the system price, pyx, is calculated and the balance production of the nuclear power plant,
BalanceProductionnycear, is found as described in section 7.1.

If the balance production price is lower than the production found in section 4.2.2.2, the production is
reduced accordingly.

7.8.2. Geothermal

Geothermal power is calculated in the same way as nuclear power.

7.8.3. Condensing power plants

Condensing power production is optimised simply by identifying the system price, px, and the balance
production of the condensing power plant, BalanceProductiongp, as described in section 7.1.

epp = BalanceProductionpp,

The production is adjusted to the limit of zero and the power plant capacity, Cep. If the net import or
export exceeds the transmission line capacity, the condensing power production is adjusted
accordingly. In such case, the domestic and the external markets are separated and the marginal
production cost on the condensing power plant determines the market price on the domestic
electricity market.

7.8.4. Individual natural gas and biomass CHP
The individual natural gas and biomass CHP systems each consist of heat storage and three production

units: Solar thermal, CHP and a peak load boiler. The peak load boiler is assumed to have the same
thermal efficiency as the natural gas or the biomass boiler of the individual boiler systems.
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First priority is given to solar thermal, and the model first identifies the maximum solar thermal output
given the heat demand and the heat storage capacity. As part of the calculation, the model identifies
the share of the heat storage which is occupied by solar thermal as a result of such operation.
The model now identifies the system price, px, and the balance production of the CHP system,
BalanceProductionm.ngascrie, @s described in section 7.1. The electricity production of the CHP unit is
identified as the minimum of either the CHP capacity or the balance production which will influence
the market price to such extent that it becomes equal to the minimum selling price.
€M-NgasCHP = Min (CM—NgasCHP , BalanceProductionM.Ngasch)

The heat storage content at hour x is calculated:

SM-NgasCHP(X) = SM-NgasCHP(X-l) - hM-NgasCHP - Qsolar-M-NgasCHP = (M-NgasCHP
If the heat storage content exceeds the capacity at hour x, the model looks back from hour x to the
latest hour at which the storage content (minus the share of the storage, which is occupied by solar
thermal) becomes lower than the CHP heat production, and identifies the hour (y) which has the lowest

market price. The production at hour y is then decreased until the heat storage content at hour x does
not exceed the capacity.

If, on the other hand, the heat storage at hour x goes below zero, the boiler is activated.
Here, the simulation procedure is shown for the natural gas CHP system. The same procedure is applied

to the biomass CHP system.

7.8.5. CHP replacing boilers in gr. 2 and 3

CHP replacing boilers in district heating groups 2 and 3 is optimised by identifying the system price, px,
and the balance production of the CHP plant, BalanceProductioncup.s, as described in section 7.1. The
balance production is added to the former production (if any) arising from CHP replacing either heat
pumps or electrolysers, as described in sections 7.8.6 and 7.8.7 below.
ecup = echp + BalanceProductioncup-s,
The production is adjusted to the limit of zero and the capacity, Ccp. If the netimport or export exceeds
the transmission line capacity, the electricity production is adjusted accordingly in the same way as for
the condensing power plant.
Then, the heat storage is included in the calculation in the following way:
First, the corresponding heat production is found and the boiler production is defined as zero:
Qep = €chp * pCHP/ HcHp
ae=0

Then, the heat storage content, spn, at hour x is calculated:

SpH (X) = son (X-1) - hon + Qsolar + Qindustry-bH + Qw + Qrp + Ceic + Qcrp + s
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Please, note that the solar thermal production is stored in its own low-temperature heat storage. The
solar thermal production included above is the resulting output from the solar thermal and the low-
temperature heat storage, which is included in the calculations together with the district heating
demand in order to determine the net input/output to the high-temperature storage.
If the content of the heat storage at hour x becomes negative, the boiler is activated:
If spy <0 then gB =-spy
If the content of the heat storage at hour x exceeds the heat storage capacity, Spu, the model looks
back from hour x to the latest hour at which the storage content is lower than the CHP heat production
and identifies the hour (y) which has the lowest market price. The production at hour y is then

decreased until the heat storage content at hour x does not exceed the capacity.

The same procedure is used for each of the CHP units in district heating groups 2 and 3.

7.8.6. CHP replacing heat pumps in gr. 2 and 3

CHP replacing heat pumps in district heating groups 2 and 3 is optimised by identifying the system
price, px, and the balance production of the CHP plant, BalanceProductioncup-npe, as described in section
7.1. The balance production is added to the former production (if any) arising from CHP replacing either
boilers or electrolysers, as described in sections 7.8.5 and 7.8.7.
ecup = echp + BalanceProductioncup.wp,
The production is adjusted to the limit of zero and the capacity, Ccp. If the netimport or export exceeds
the transmission line capacity, the electricity production is adjusted accordingly in the same way as for
the condensing power plant.
Then, the corresponding heat production, gpirr, Wwhich will replace the heat pump, is found:
qoirr = BalanceProductioncup-up * perp / Hekp
If such production exceeds the heat pump heat production, it is adjusted accordingly:
If goire > gue then qoirr = gup
Thereafter, the productions of the heat pump and the CHP unit are adjusted accordingly:
AcHp = qcHp + dpiFF

qup = gHp - QoIFF

The heat storage is not included in the calculation since the heat production is the same. Heat pump
production is just replaced by CHP.

The same procedure is used for each of the CHP units in district heating groups 2 and 3.
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7.8.7. CHP replacing electrolysers in gr. 2 and 3
CHP replacing electrolysers in district heating groups 2 and 3 is optimised by identifying the system
price, px, and the balance production of the CHP plant, BalanceProductioncup-eic, as described in section
7.1.The balance production is added to the former production (if any) arising from CHP replacing either
boilers or heat pumps, as described in sections 7.8.5 and 7.8.6.
ecnp = €ecnp + BalanceProductioncyp-gic,
The production is adjusted to the limit of zero and the capacity, Ccrp. If the netimport or export exceeds
the transmission line capacity, the electricity production is adjusted accordingly in the same way as for
the condensing power plant.
Then, the corresponding heat production, goirr, Which will replace the electrolyser is found:
doirr = BalanceProductioncup-eic * perp / Hene
If such production exceeds the electrolyser heat production, it is adjusted accordingly:
If qoirr > qeic then qoirr = geic
Thereafter, the productions of the electrolyser and the CHP unit are adjusted accordingly:

QcHp = Qcrp t QoiFr

Qelc = Jelc - JpiFF

The heat storage is not included in the calculation, since the heat production is the same. Electrolyser
production is just replaced by CHP.

The same procedure is used for each of the CHP units in district heating groups 2 and 3.

7.9. Electricity storage (hydro or battery or CAES storage)

The model seeks to identify a realistic business-economic strategy for optimising the net profit of
buying and selling electricity on the basis of fluctuations in the market price and the variable operation
including fuel costs in the case of CAES. The strategy is described in section 10 as simulation strategy
no. 4.

The strategy is based on a concept which bids on the market according to the average price, paverage, Of
an upcoming user-specified period (of y hours). The average price is found as:

i=x

PAverage (X) = Z p (I) /(V)

X+y
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The bid on the market occurs in such way that the price difference between the buying and bidding
prices is equally distributed around the average price. Figure 7.1 demonstrates this concept for a 24-
hour period. The centre line represents the price average, pavarage, for the shown 24-hour period.

EnergyPLAN St4

—— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘

1 3 5 7 9 11 13 15 17 19 21 23
hour

Figure 7.1: EnergyPLAN St4 concept, where the average of an upcoming period, 24 hours in this figure, is used
for calculating market bidding prices.

The distance between the minimum and maximum lines represents the minimum difference between
the selling and the buying price if a profit is to be made. Such price difference is identified on the basis
of the multiplication and addition factors of CAES, as described in section 4.4.

I:Multiplication—CAES =1 / (aPump * HTurbine )
Faddition-caes = ( VOCPump + TAXPump ) / (aPump * HTurbine ) + VOCryrbine

+ (I)CAES * (PNgas + PHandIing—Ngas + TaXNgas—CAES) *3.6

As a basic assumption, the market price when selling must exceed the market price when buying in
order to generate a profit, in accordance with the following formula of section 4.4:

Psell > pbuy * FMuItipIication+ FAddition
In which pseil  is the market electricity price when selling (DKK/MWh)
Pouy is the market electricity price when buying (DKK/MWh)

Fmuttiplication 1S the multiplication factor (always bigger than 1), and
Fagdition is the addition factor (DKK/MWh)

The price difference is defined as:

Psell = Paverage T Poiff and PBuy = PAverage - PDiff
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Consequently, the price difference can be identified as:

Pudiff = [pAverager * (1 - Olpump * HTurbine ) + constant ] / (aPump * Wrurbine + 1)
In which the constant represents the variable operational costs (VOC) of consuming one unit of
electricity in the pump (or compressor), found as 1) the VOC of the pump, 2) the VOC of the turbine

corrected for losses in the process, and 3) the VOC of the additional fuel in the turbine also corrected
for the losses in the process:

constant = ( VOCPump + TAXPump ) + VOCryrbine * (O(-Pump * HTurbine )

+ ¢CAES * (PNgas + PHandIing—Ngas + TaXNgas—CAES) *3.6* (aPump * HTurbine )

As specified in section 4.3.1.3, one can add an increase to the minimum profit rate in percent. If one
e.g. inserts 20%, paqir Will be multiplied by a factor 1.2. This option is especially relevant if the storage
is so large that it will have a substantial influence on the market price. In such situations the storage
plant might benefit from raising the profit rate.

Based on the above price difference, pdifr, the operation of the electricity storage or CAES system is
defined in the following way:

The average price of the upcoming period is found as described and illustrated above and the minimum
selling price and the maximum buying price are determined:

Psell-Min = Paverage T Pitf
PBuy-Max = PAverage - Ppiff
The market system price, px, and the balance production of the turbine, BalanceProductiontyrpine, are
found as described in section 7.1. If the market system price is higher than the minimum selling price,
the turbine is activated:
If Px > Psell-Min then €Turbine = Min ( CTurbine, BaIanceprOdUCtionTurbine)
Similarly, the market system price is found for the pump, px, and the balance consumption of the
pump, BalanceConsumptionpymp, as described in section 7.1. If the market system price is lower than
the maximum buying price, the pump is activated:
If px < pauy-max then dpymp = Min ( Cpump, BalanceConsumptionpymp)
The storage content, scaes, is calculated:

SCAES (X) = SCAES(X']-) + dPump * Olpump — drurbine * WTurbine

If the storage content exceeds the capacity, the pump is reduced accordingly, and if the storage
content goes below zero, the turbine production is reduced.
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The above modelling makes it possible to bypass the storage while operating the pump and turbine at
the same time, if feasible. Such situation occurs when operating a CAES plant as a gas turbine under
conditions of high electricity prices and low natural gas prices.

Due to differences in the storage content between the beginning and the end of the calculation period,
errors may appear in the calculations. In order to correct these errors, the above calculation is
repeated until the storage content at the end is the same as at the beginning.

7.10. Resulting electricity market prices (External, Domestic and
bottlenecks)

In the above-mentioned procedure, it is checked if the balance production of each unit results in a
total electricity production in the system. This will have the consequence that the export exceeds the
transmission line capacity. If such a bottleneck occurs, the production of the relevant unit is reduced
accordingly, as described in section 7.8. Moreover, it is checked if the import exceeds the transmission
line capacity, and in such case, the production of the condensing power plant is increased.

In the case of a bottleneck, the price areas of the external and the domestic markets are separated,
and the domestic market price is calculated as the highest bidding price of the active productions units,
i.e., the marginal operational costs of the unit which created the bottleneck. In the case of critical
excess production, the domestic market price becomes zero. The external market prices are calculated
as shown in section 7.1, when applying an export equal to the capacity of the transmission lines.

If there is no bottleneck, the domestic and the external market prices are the same.

If bottlenecks occur, a profit is made since electricity is bought on one side of the bottleneck at a lower
price than the price at which it is sold on the other side. Such profit is normally shared on an equal
basis between the TSOs on each side of the bottleneck. Consequently, half of such profit is here
included as an income in the socio-economic feasibility calculation. Such income is simply identified as
50% of the difference between the market prices on the domestic and the external markets.

7.11. Grid stability

In the end, the model makes sure that the grid stability requirements are fulfilled. First, the grid
stabilisation is calculated as described in section 8.3 (below). If the requirement is not fulfilled, the
production of the power plant is increased accordingly.
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8. Fuel, CO2 emissions and Feasibility Study (calculations)

After having optimised the operation of the various production units in accordance with either the
technical or the market-economic simulation strategy, the model makes a number of calculations of
final fuel consumptions, CO; emissions and costs. The model also removes critical excess electricity
production in accordance with the specified strategy.

8.1. Fixed boiler production is added to the boilers in groups 2 and 3

The fixed boilers percentage of the district heating in groups 2 and 3, subtracted in section 5.4, is now
added to the boiler production. The fixed boilers percentage represents the hours at which the CHP
units of one system are not operating because of maintenance or breakdowns:

Q2 = Qg2 * JFixedBoiler2

The same calculation is done for district heating group 3.

8.2. Reducing Critical Excess Electricity Production

A number of measures to reduce Critical Excess Electricity Production, ecgep, can be activated, as shown
in section4.3.1.1:
1: Reducing RES1,RES2 and RES 3
: Reducing CHP production in group 2 (Replacing with boiler)
: Reducing CHP production in group 3 (Replacing with boiler)
: Replacing boiler production with electric heating in group 2.
: Replacing boiler production with electric heating in group 3.
: Increase hydrogen production for export in hours with CEEP
: Reducing power plant production in combination with RES1, RES2, RES3 and RES4
: Increasing CO2 Hydrogenation during hours of CEEP
: Partloading nuclear (specify partload options in Electricity only tabsheet)

O 0O NOULL B WN

It is possible to specify one or more numbers which will be treated in the specified order. For example,
the combination 315 activates three CEEP reductions. First, CEEP is reduced as much as possible by
option 3, then by option 1, and finally, by option 5. All 7 options can be activated in all possible
combinations.

8.2.1. Reducing RES1, RES2 and RES3

First, RES1 is reduced. The reduction potential, Redpont, is found as follows:
Redpont = Min(eges1 ; €ceep)
And new values are calculated:
€Res1 = €res1 - Redpont

eceep = €ceep - Redpont
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Thereafter, RES 2 production is calculated in the same manner and finally RES3.

8.2.2. Reducing CHP production in group 2

First, the minimum CHP production needed in order to fulfil the requirement of stabilising the grid is
found:
ecHp2-Min = [€Total*Stabiotal - (w1t ewat+ ews)*Stabwaste - €res1*Stabresi - €res2*Stabresz - €ress*Stabress
-....- €Res7 StabRres7 - €cHP3 - ENuclear - EGeothermal = EHydro - €Turbine - €v26 T Stabvag - Cimp/exp ™ Stabrrans - epp * (1-
Stabrotar) ]/ Stabchp2
Then, the reduction potential, Redpont, is found:
Redpont = min(eCHPZ — €CHP2-Min ; eCEEP)
And new values are calculated:

ecHp2 = ecrp2 — Redpont

eceep = €ceep - Redpont
— *
QcHp2 = €cHp2 pCHPZ/MCsz
gs2 = a2 — Redpont2 * Penp2/Heckp2

8.2.3. Reducing CHP production in group 3

First, the minimum CHP production needed in order to fulfil the requirement of stabilising the grid is
found:
ecHp3-Min = [€Tota™Stabiotal - (€w1+ €wat+ ews)*Stabwaste - €res1* Stabres: - €res2*Stabgesz - €ress* Stabress
- eresa*Stabgesa - €crp2*Stabcenpa - ENuclear - EGeothermal - €Hydro - ETurbine - €pp ¥ (1-Stabrotal) 1/ Stabcue2

If such minimum is below the input-specified CHP3 minimum production, Ccups-min (S€€ section 4.4.2),
the value is increased accordingly:

If ecups-min < Cevpa-min then  echps-min = Cerps-min
Then, the reduction potential, Redpont, is found:
Redpont = min(eCHP3 — €CHP3-Min ; eCEEP)
And new values of CHP and boiler heat production are calculated, as in section 8.2.2 above.

8.2.4. Replacing boiler production with electric heating in group 2

The reduction potential, Redpont, is calculated as follows:
Redpont = Min(gs2 ; eceer)
Then, the value for electric heating is calculated:

€ = REdpont
Subsequently, new values for eceer and qg; are calculated.
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8.2.5. Replacing boiler production with electric heating in group 3

The same calculations are made as described in section 8.2.4 above, just replacing group 2 with group
3.

8.2.6. Increase hydrogen production for export in hours with CEEP
The function is similar to CEEP regulation strategy 8. The objective is to allow for hydrogen production

in hours with available electrolyser capacity as well as CEEP. The hydrogen is specifically for export,
since EnergyPLAN will balance for covering demands first.

First the potential extra electricity used for hydrogen production is identified by identifying the
maximum value between free hydrogen capacity and CEEP for every hour.
€Hzex = MaX(CeLT-€ELT ; eceep)

The potential hydrogen export is calculated and added to the hydrogen production in each hour
H2prop = H2e1T + €H2ex * NeLt

Subsequently a new hydrogen balance is calculated with extra hydrogen production as well as a new
CEEP balance.

8.2.7. Reducing power plant production in combination with RES1, 2, 3 and
RES4

This option has been added because in options 1 and 6 (reduction of RES1, RES2 and RES3), the
sequence of first increasing the power plant for stability reasons and then decreasing renewable
sources in cases of very high RES shares led to CEEP from the power station. In such cases, one can
increase the share of RES and still maintain minimum stabilisation demands by decreasing the power
plant and the RES productions simultaneously.

First, the minimum load of the power plant is calculated in the case of no RES1 at all:

€pp-No-REs1 = | €Total™ Stabiotal - (€w1t €w2t ews)* Stabwaste - €res2 ™ Stabresz - €res3 ™ Stabress -....- €res7™Stabres
- ecnp2 ¥ Stabcnpa - €cHp3 - EHydro - ETurbine - €v26* Stabyag - Cimprexp ¥ Stabrrans] / (1 - Stabiotar)

Then, the reduction potential of the power plant is identified as the difference between this number
and the previously defined electricity production of the power plant:

€pp-pontial = €pp - €pp-No-Res1

The potential reduction of CEEP achieved through this reduction of the power plant production is
identified by the following factor:
factor = eceep * ( Stabrota — Stabgres1 ) / (1 - StabRes1)

If such factor is lower than the reduction potential, epppontiat, the reduction potential is reduced

accordingly:
If €pp-pontial > factor then epp-pontial = factor
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First, the CEEP is reduced by the power plant contribution:
€pp = €pp - Redpont
eceep = €ceep - Redpont

Then, a new reduction potential achieved by reducing RES1 is found and CEEP and RES1 are reduced
accordingly:
Redpont-next = Min(eges1 ; €ceep)

€res1 = €Rres1 - Redpont-next

eceer = €ceep - Redpontnext
The same procedure is repeated for RES2, RES3 and RES4.

8.2.8. Increasing direct air capture if available capacity with maximum
capacity

The objective is to allow for DAC operation in hours with available CEEP up to a Maximum Capacity of

DAC. First the potential extra electricity used for removing CO2 from the atmosphere with DAC is

identified by identifying the maximum value between Maximum Capacity of DAC and CEEP for every

hour.

Epac,ceer = max(eDAC_demand * CapPpac_Max; eCEEP)

Then, the potential CO2 removal from CEEP through DAC is calculated and added to the total CO2
capture in each hour
CO21otaL capt = CO2capr, BioG + CO2capT, Fossi + CO2caprt, cor + CO2capT, oTHER + EpAc,ceep

Subsequently a new CEEP balance is calculated.

8.2.9. Partloading nuclear

This function enables nuclear to run in partload operation. That means in hours with critical excess
electricity, by enabling the partload of nuclear it will reduce the operation of the nuclear power plants.
The user can define how big of a share of the max capacity that can be reduced.

The function identifies if
dNuclear> CNuclear *PARNuclea

This identifies if there is potential for down regulating.

With a potential for down regulating, EnergyPLAN will calculate the change and the new nuclear
production

Change = dNuclear' Chuclear *PARNuclea
€Nuclear = ONuclear — Change

This results in a new CEEP amount:
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eceep = eceep - Change

8.3. Grid stabilisation

The degree to which the grid stabilisation requirements have been fulfilled is calculated in the
following way:

First, the grid stabilisation demand, dstp, is calculated on the basis of erota, Which represents all
electricity productions, as described in section 6.1:

dstab = eTotaI*Sta brotal
Then, the grid stabilisation supply, estab, is calculated:

€stab = €pp + €chp2*Stabcrpz - (€wit ewat ews)* Stabwaste - €res1*Stabresi - €res2*Stabresa - €resa™Stabgess
-....- €res7*Stabres7 - €cHp3 - €Nuclear - €Geothermal = €Hydro = ETurbine - €v26 - €v26™* Stabvag - Cimprexp * Stabrrans

Then, the fulfilment of the grid stabilisation, GridStab, is calculated in percentage terms:

GridStab = estab / dstan * 100

8.4. Heat balances in district heating systems
Subsequently, the heat balances, hgaiance, in the district heating groups are calculated:
hBaIance = hDH - hSolar - hCSHP - hCHP - hHP - hB - hEH - hElc

The heat balance is calculated separately for each district heating group.

8.5. Fuel consumptions

For various production units in the model (DHP, CHP2, CHP3, Boiler2, Boiler3 and PP), the distribution
across fuel types is stated as input (See section 4.2.5.) divided into the following types of fuels:

- Coal

- Oil

- Natural Gas, and

- Biomass

For transport, oil is divided into fuel oil, diesel/gas oil and petrol/JP. Moreover, fuels such as hydrogen
(or similar fuels from internal energy conversion in the system) are calculated.

For the production units mentioned above, the distribution is calculated relatively. The total fuel
consumption of each energy unit is the result of the system analyses described in chapters 6 and 7.
Given the total fuel consumption, the distribution across the four fuel types is calculated relatively
according to the input values.

If, for instance,

- the total energy consumption of the DHP unit is identified as 10 TWh, and
- the input fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1
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the result will be: Coal=2, Qil=2, Ngas=4, Biomass=2, Total=10.

The model can be told not to consider limitations on some of the fuel types by activating the "Variable
/ Fixed" button in the input.

If, for instance,

- the total energy consumption of the DHP unit is found to be 10 TWh, and

- the input fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1

- and the button for biomass is activated as "Fixed"

the result will be: Coal=2.25, Qil=2.25, Ngas=4.5, Biomass=1, Total=10.

If all buttons are activated as "fixed", the model is told to consider all types as "variable". The model
also makes an import/export-corrected fuel account. This is done simply by using the input data for

the PP unit to adjust the import/export. In the final account, wind, photo voltaic and solar thermal
power are added to the account as a new type of fuel named "Renewable".

8.6. CO2 emissions

When applying the CO, emission (kg/GJ) of each of the four fuel types as an input, the model calculates
the CO; emission simply by multiplying the fuel consumption by the emission data.

The model also calculates an import/export-corrected CO, emission by using the import/export-
corrected fuel account.

8.7. Balancing of Gas Grid

Based on the resulting productions of all units fuelled by natural gas together with biogas and syngas
productions based on the inputs in the Biomass Conversion tab sheet, the model calculates the hourly
consumption and production of gas to and from the gas grid, including the utilisation of the grid storage

(if specified in the input) to balance the import/export of gas.

8.7.1. (Natural) gas consumption

First, the model identifies the natural gas consumptions. Natural gas consumption of boilers in group
DH1, 2 and 3 is calculated as follows:

fa1=qe1/ pe1r * SHAREngas
SHARE\gas is the share of total fuel coming from natural gas as specified in the input.
Natural gas consumption in CHP2 and CHP3:
ferp2 = d crpz / p crpz * SHARENgas
Natural gas consumption in power plants (PP and PP2):
fep = epp / pep * SHARENgas

Natural gas consumption in CAES:
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fcaes = € Turbine / ¢CAEs
Natural gas consumption in individual natural gas boilers and micro CHPs:
fM-Ngas = ( M-Ngas / P M-Ngas
fM-NgasCHP = (0 M-NgasCHP / P M-NgasCHP
fM—NgasCHP—BoiIer = { M-NgasCHP-Boiler / P M-NgasCHP-Boiler
Natural gas consumption in natural gas vehicles (transport):
fr-ngas = F -Ngas * d 1-Ngas
in which dr.ngas is the hourly distribution specified in the Transport input tab sheet.
Natural gas consumption in Industry:
fingas = Fi-ngas * d i-ngas
in which d.ngas is the hourly distribution specified in the Industry input tab sheet.

The resulting total natural gas consumption, frotai-pemand, iS calculated as the sum of all the above-
mentioned fuel consumptions.

8.7.2. Biogas and Syngas production

Thereafter, the model identifies the biogas and syngas productions upgraded and supplied to the gas
grid. The hourly supply of biogas and syngas to hydrogenation is (in the present version 12) assumed
to be constant and therefore calculated as follows:

fBiogas—for—HydroMethanation = FBiogas—for—HydroMethanation *1;000;000 / 8784
fGasigas-for-Hydrogenation = I:Gasigas-for—Hydrogenation *1;000:000 / 8784

The factor 1,000,000 compensates for the fact that f is measured in MW and F is measured in
TWh/year.

Biogas production in biogas plants:

- *
fBiogas =F Biogas d Biogas

in which dgiogas is the hourly distribution specified in the Biomass Conversion input tab sheet.
The biogas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
biogas used for electrofuels (See section 4.2.7.4.):

- *
fBiogas—to—NgasGrid = (fBiogas - fBiogas-for—HydroMethanation) KBiogas

The annual production of syngas, Fsyngas, is calculated on the basis of the annual biomass input, Feasi-
Biomass, SUbtracted the share of biomass used for steam production:

Fsyngas = Yoasi * Ksyngas * [Faasi-solidsiomass — (Faasi-solidsiomass * SHAREsteam-Gasi) / Acasi |
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In which

SHAREsteam-casi = Annual input of steam to gasification plant in share of biomass input
Acasi = Production of steam efficiency (steam output divided by biomass input)

Yeasi = Cold gas efficiency (gas output divided by biomass input)

Ksyngas = Syngas to grid gas quality efficiency

The calculation of syngas productions from gasification plants depends on the specification of a
maximum capacity. If a maximum capacity, Ceasi-max, higher than the average production has been
specified in the Biomass Conversion input tab sheet, the exact syngas production can be calculated. If
not, the syngas production is simply calculated as the average production:

fSyngas = FSyngas / 8784 hOUI’S * 1,000,000

The factor 1,000,000 compensates for the fact that f is measured in MW and F is measured in
TWh/year.

IF a maximum capacity, Csasi-max, higher than the average value has been specified, the model will seek
to use such flexibility to minimise the maximum import as much as possible in the following way:

First, hourly imports of gas are calculated as the difference between total natural gas demands and
biogas productions:

ngas—Import = fTotaI—Demand - fBiogas—to—NgasGrid - fGasigas—for—Hydrogenation

Secondly, a maximum value of consumption, MAX is defined. In the beginning, such value is initialised
as the maximum value of fygas-import. The MAX value is used to run the following sequence for all hours
of the year:

IF MAX < ngas-Import THEN fSyngas =MIN [(ngas—Import - MAX)/ CGASI»MAX]

If the resulting syngas production is below the annual production calculated in accordance with the
input specifications in the Biomass Conversion input tab sheet, the MAX is raised gradually and the
above sequence is repeated until the output matches the annual syngas production.

The gasification syngas supplied to the grid is found through an upgrade to grid efficiency after the
subtraction of gasification gas used for Electrofuels (See section 4.2.7.4.):

- *
fGasigas-to-NgasGrid = (fSyngas - fGasigas-for—Hydrogenation) Ksyngas

8.7.3. Gas storage

If a gas storage capacity, Cngas-storage, iS specified in the Biomass Conversion input tab sheet, the model
will utilise the gas storage to balance the export and import of gas to and from the system. Please,
note that this means that the gas storage is only used if both export and import are positive as a
consequence of the above calculations of gas consumption and biogas and syngas productions.

First, hourly imports of gas are calculated as the difference between total natural gas demands and
biogas and syngas productions:

ngas-Import = fTotaI-Demand - fBiogas-to—NgasGrid - fGasigas—to—NgasGrid
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Next, the input and output of the storage, fugas-storage, is calculated using the following sequence:
”: ngas—Import > 0 TH EN ngas—Storage = MlN(ngas—lmport ) ngas—Storage—Content)

IF ngas—Import <0 THEN ngas-Storage = MIN('ngas—Import, (CNgas—Storage - ngas—Storage-Content)

After each hour, the storage content is updated:
ngas—Storage-Content = ngas-Storage—Content - ngas—Storage

To compensate for any difference in the storage content between the beginning and the end of the
year, the above sequence is repeated until the content is the same at the beginning as at the end. After
one sequence, a new initial content is defined as the resulting content at the end of the calculation.

8.7.4. Calculation of balance, import and export

To complete the analysis of the balancing of the gas grid, a balance is calculated together with the
import and export:

ngas-BaIance = fTotaI—Demand - fBiogas—to-NgasGrid - fGasigas-to-NgasGrid - ngas-Storage
IF ngas»BaIance >0 THEN nggs-Import = ngas-BaIance ELSE nggs-Import =0

IF ngas-BaIance <O0THEN nggs—Export = ngas-BaIance ELSE nggs-Export =0

8.8. Share of Renewable Energy

The model calculates the share of renewable energy in the system. The share is calculated as a
percentage of the primary energy supply. The renewable resource is identified as RES, hydro power,
geothermal power and solar thermal productions plus biomass and waste fuels. The total primary
energy supply is identified as the same figure added all fossil fuels. Fuels such as hydrogen or biofuel
for transport produced on waste are not included in the primary energy supply, since they are
produced from other energy resources which have already been included in the supply.

The model also calculates the share of electricity produced from renewable energy. In such calculation,

the share of biomass compared to the total fuel consumption determines the share of CHP and power
plants.

8.9. Cost

Annual socio-economic costs are divided into fuel costs, variable and fixed operation and maintenance
costs, investments costs, CO, emission costs, and electricity exchange costs.

8.9.1. Fuel costs

Fuel costs are defined as input unit prices, including handling costs multiplied by the annual total fuel
consumption. The socio-economic costs do not include taxes.

The total annual coal costs, Aceal, are found as follows:
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Acoal =3.6 * [FCoaI—TotaI * PCoaI-WM + FCoaI—PP * PCoaI-HCen
+ (Fcoal-81 + Feoal-cp2 + Feoal-cHps + Fcoal-2 + Feoal-s3 + Feoal-csip) * Pcoal-Hpec + Feoal-indv * Pcoal-Hingv]

The costs of the remaining fuels are found in the same way.

8.9.2. Electricity exchange costs

Electricity exchange costs are found on the basis of resulting external market prices, see, e.g., section
7.10. Import costs are identified as the hourly import multiplied by the resulting external market price
at the relevant hour. The income from export is found in the same way.

The exchange cost of fixed import/export is found in the same way as the import/export costs
multiplied by external market prices.

Bottleneck income is found as described in section 7.10 as half of the difference between external and
domestic market prices multiplied by the transmission capacity, since bottlenecks only appear when
the transmission capacity is fully exploited.

8.9.3. Variable operational costs

Annual variable operational costs are identified as the cost per unit (of section 4.4.4) multiplied by the
relevant production. E.g., the operational costs of boilers are found in the following way:

Avoc-soiler-oH = (€81 + €82 + €83) * Pyoc-soiler-oH

8.9.4. Fixed operation and maintenance and investment costs

The fixed operation and maintenance costs as well as the annual investment costs are found already
in the investment/cost tab sheet (see section 4.4.2).
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9. Output

The output can be shown and/or exported from the model in the following ways: View on the screen,
Print or see in Graphics.

pﬁ EnergyPLAN 14.0: Startdata
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9.1. The screen function

Results can be viewed on the screen.
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The function can be activated by clicking on the icon called "view clipboard" in the upper line of the
main display of the programme. When activating this facility, the programme will start calculating and
then open a text file in which the results are shown.

Results
V25 Fre Load Hours = u -

ANNUAL COSTS

Total Fuel = 0 Million SEK
Coal = 0 Million SEE
FuelQil = 0 Million SEK
Gasoil/Diesel= 0 Million SEK
Petrol JP = 0 Million SEE
Hoas = 0 HMillion SEK
Bionass = 0 Million SEK
Food incomes = 0 Million SEK
Waste = 0 Million SEK
Maginal operation costs = 0 Million SEK
Total Electricity exchange = —1594 Milliom SEK
Import = 0 Million SEK
Export = 0 Million SEK
Bottleneck = —1594 Million SEK

Fized imp<ex 0 Hillion SEK

=)

Total COZ emission costs = Hillion SEK

=)

Total Ngas Exchange costs = Hillion SEK

Total variable costs = —1594 Million SEK

o

Fized opsration costs = Million SEK

o

Annual Investment costs = Hillion SEK

TOTAL ANHUAL COSTS = —1594 Million SEK
elec elec. dem Fized district  wind PV Vave River  Hydro Hydro Hydro Hy
denand cooling ExpsImp heating  power pover hydro  power pump storage Wal

TOTAL FOR ONE YEAR (TWh-<year)
0,00 0. oo

Annual 2 0.o0 20,00 2,07 1.04 0.o0 0.00 0.o0 0.00 0.o0
MONTHLY AVERAGE VALUES (HV):

January 2573 1} i} 3856 315 157 1} 0 1} 0 1}
February 2546 o 0 3644 300 150 o 0 o 0 o
Harch 2450 o 0 3140 237 119 o 0 o 0 o
April 2159 o 0 2346 222 111 o 0 o 0 o
Hay 2107 o 0 1538 219 110 o 0 o 0 o
June 2048 o 0 1124 189 95 o 0 o 0 o
July 1867 o 0 913 144 72 o 1} o 1} o
August 2148 o 0 946 166 83 o 1} o 1} o
Septemnber 2204 o 0 1333 212 106 o 1} o 1} o
October 2287 1} i} 2072 211 105 1} 0 1} 0 1}
Howemnber 2471 1} i} 2923 301 151 1} 0 1} 0 1}
Decenber 2472 o 1} 3533 azo 160 o 0 o 0 o
Average 2277 1} i} 2277 236 116 1} 0 1} 0 1}
Haximun 3512 1} 1} 4049 390 495 1} 0 1} 0 1}
Hinimum 1141 1} i} 20 i} a 1} 0 1} 0 1}

All calculated results of each unit in the system can be shown both on an annual and a monthly basis.
Moreover, one can see each hourly value. The user can define the results to be shown in the "Screen"
window in the EnergyPLAN model. All hourly data for all calculations are available.
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Central Pawer Producti Yes | CSHP Heat Prod ‘es | ELT3Heatproduction Yes | Electiolyser ar3 Yes | AddExport payment
Wariable Renewable Ele; ‘Yes | DHP Heat Frod. ‘es | Storage3 “Yes | EV and V23 [franspart) ‘es | Individual Heat
Heat Only Yes | CHPZ Heatprod ‘es | Heatbalance or. 3 ‘Yee | Stabilisation Load % Yes | Individual slectricity
Fuel Distibution = | Yes | HP2 Heatprod ‘es | Flexible Elsc. demand e | Import Yes | Individual H2
Waste Yes | Boiler2 ‘es | HP Elec. consumption *Yes | Export ‘es | Transport H2
=) Liquid and Gas Fuels = || Yes | EH2 Heatproduction ‘ves | CSHP Elec. production es | Eldemand for codling
-~ Biofuels Yes | ELT2 Haatproduction ‘s | CHP Elec. production “Ves | Geothermal Heat production | es | Gas gid demand and balance
Biogases Yes | Desalination
Hydrogen Change all to No El=Yes Heat=No Yes | Distict Caoling
- Electiahugts
- Gas to Liquid RES: Renewable Energy Sources
co2 CHP: Combined Heat and Power
=) Balancing and Storage C5HP: Combined Heat and Steam Production (Industiial CHF)
Electricity DHP: Distiict Heating Plant
Themal HP: Heat Pump
Liquid and Gas Fuel EM: Electic Heater
= Cost ELT: Electrolyser Show Annual Costs Yes
General
£ Investment and Fixed 0
Heat and Electicity
Renewable Energy
- Linuid and Gas Fusl
- Heat Infrastructure
Road Vehicles
Other Vehicles
-~ Water
- dditional
Fuel I
Variatle OM
Extemnal Electicity Mark)
- Simulation
= Dutput
Graphics — o
[ . Do D

9.2. The print

Results can be printed in an A4 version defined by the model.

(i EnergyPLAN 14.0: Startdata

Ik

Home:
Home  Mew

EnergyPLAN 14.0: Startdata

Add-On Tools Help
I REE B O
B save
Settings Motes  Web Run Run Run Treeview | Tabs
B Save As (Clipboard) [Screen (Print) JSerial)
General I Run I

The function can be activated by clicking on the printer icon in the upper line of the main display of
the programme. When activating this facility, the programme will start calculating and then send a

print to the p

One can choose to add an additional page of specifications by clicking on “Yes” in the output overview
tab sheet, as shown below. In such case, two pages will be printed instead of one. The default is set to

llYeSll

rinter.

[, show Hints=

Show Hourly Values

View |

Examples of prints are shown on the next page.

183




Input Denmark2030Reference.txt The EnergyPLAN model 12.0 W
Electricity demand (TWh/year):  Flexidle demand 0,00 Capaciies  Efficiencies Regulation Stralegy:  Marketregulaiion NEW | Fuel Price level: \J
Fixed demand 49,00 Fixedimp/exp. 0,00 Group 2 MW-e MJis elec. Ther COP KEOL regulation 23457000 N
Electric heating + HP 0,00 Transportation 0,00 CHP 1350 1647 041 0,50 Minimum Stabilisation share 0,00 Capacities Storage Efficiencies
Electric cooling 0,00 Total 49,00 Heat Pump 7 40 575 Stabilisation share of CHP 0.00 MW-e GWh elec. Ther.
Boiler 7500 086 Minimum GHP gr 3 load 450 MW Hydro Pump: o 0 04
District heating (TW vyear) Gi G2 Gr3  Sum Group 3 Minimum PP 0w Hydro Turbine 0 0,40
District healing demand 226 1429 2263 39,18 CHP 2000 2440 041 0,50 Electrol. Gr.2 0 0 040 050
d Heat Pump maximum share 0.50
Solar Thermal 002 000 000 0,02 Heat Pump 0 0 350 Maximom moortexsert 2500 MW Electrol. Gr.3 0 0 040 050
Industrial CHP (CSHP) 000 000 173 173 Boller 11300 086 porvexp Electrol. trans.: 0 0 080
Demand after solar and GSHP 224 1429 2090 37,43 Condensing 8000 052 Distr. Name Price_DKV_2005.bxt Ely. MicroGHP: 0 0 080
- Addition factor 60,00 DKKMWh CAES fuel ratio: 0,000
Wind 3100 MW 726 TWhyear 0,00 Grid Heatstorage: gr2: 40 GWh g3 10 GWh Multiplication factor 1,04 TWryem] Coal Of Noas @
Offshore Wind 1952 MW 781 TWhiyear 0,00 stabil- Fixed Boiler: gr.2: 2,5 Percent gr3: 10 Percent | p factor 0,02 DKKMWh pr. MW yean  co Wl Mgas Blomass
Photo Voltaic 0 MW 0 TWhyear 000 satien Electricity prod. from  GSHP  Waste (TWhiyear) Average Market Price 349 DKK/MWh Transpot 0,00 69,20 0,00 0,00
Wave Power 0 MW 0 TWhyear 000 share Gra 000 000 Gas Storage 0 GWh Household 001 672 905 729
Hydro Power 0 MW 0 TWhyear Gro 000 000 Syngas capacity 0 MW Industry 337 2602 1819 518
Geothermal/Nuclear 0 MW 0 TWhiyear Gr.a: 241 0,00 Biogas max to grid o MW Various 000 301 1973 0,00
Output
District Heating Electricity Exchange
Demand| Production Production Balance
Distr. Waste: Ba- | Elec. Flex& Elec- Hydro| Tur- Hy- Geo- Wastes Stab- ‘: ayment
heating | Solar CSHP DHP CHP HP ELT Boller EH |lance demand Transp. HP trolyser EH  Pump| bine RES dro thermal CSHP CHP PP |load Imp &xp CEEP EEP | ™
MW | MW MW MW MW MW MW MW MW [ MW | MW MW MW MW MW MW | MW MW MW MW MW MW MW | % MW MW MW MW | Milion DKK
Januay 7177 1197 413 3973 40 0 2555 0 0[€05 0 7 0O 0O O 0 1535 0 0 274 325 371 100 1160 285 0 25| 268 35|
February 7343 2 197 422 4081 40 0 2652 0 0| 62% o 7 0 0 0 0 213 0 0 274 3303 423 100 730 621 0 e21| 184 81
March 6256 2 197 359 4063 40 0 1595 0 0|64 O 7 0 O 0 0 1772 0 0 274 3330 603 100 585 553 0 553 144 102
Apri 5013 3 197 286 3984 40 0 5% 0 53| 5291 o 7 0 0 0 0 152 0 0 274 3265 629 100 246 628 0 628 59 132
May 3933 03 197 223 346 40 0 9 0 3|56 0o 7 0 0 0 0 150 0 0 274 742 1097 100 298 753 0 78| 72 164
June 1782 3 197 100 1404 40 0 66 0 -28|5017 o 7 0 0 0 0 166 0 0 274 1151 2528 100 326 872 0 @872 76 228
July 1782 4 197 99 1385 40 0 66 0 9|454 O 7 0 O 0O 0 1106 O 0 274 1135 2620 100 384 938 0 93| 94 244
August 1782 3 197 100 1383 40 O 66 0 7|5%63 0 7 0 O 0O 0 1500 O 0 274 1133 250 100 443 672 0 672| 110 174
Sepiember 2736 3 197 155 2275 40 O 66 0 05401 o 7 0 0 0 0 1501 0 0 274 1864 2740 100 243 {220 O 1220| 50 302
Oclober 4076 2 197 234 3433 40 0 142 0 28502 0 7 0 0 0 0 2387 0 0 274 2813 1471 100 100 1386 0 1386 | 25 298
November 5347 1197 307 4012 40 0 757 0 33604 0 7 0 0 0 0 2240 0 0 274 3B 1278 100 212 1282 0 1282| 52 24§
December 6385 1 197 368 4028 40 0 1751 0 o0|e% 0 7 0 0 0 0 154 0 0 274 3301 1483 100 206 776 O 77| 51 173
Average 4460 2 197 255 3107 40 0 8% 0 0|58 0 7 0 0 0 0 1692 0 0 274 2546 1489 100 411 827 O 827 | Averageprice
Maximum 12535 28 187 723 4088 40 0 7487 0 4486|8603 O 7 0 0 0 0 5052 O 0 274 3350 7380 100 2500 2500 O 2500| (DKKMWh)
Minimum 1561 0 197 76 549 40 0 6 0 -491|29%5 o 7 0 0 0 0 0O 0 0 24 450 0 0 0 0 0 of 35 20
TWhyear 3918 002 173 224 2729 035 000 755 000 000(4900 000 006 000 000 000 000 1487 000 000 241 2236 1308 361 727 000 T.27| 1174 217§
FUEL BALANCE (TWhiyear): CAES BioCon- Synthetic Industry Imp/Exp Corrected | CO2 emission (Mt):
DHP CHPZ CHP3 Boler2 Boler3 PP Geo/Nu Hydro Waste Elcly. version Fusl Wind Offsh. PV Wave Solar.Th Transp. housen. Various Total | IMpExp Netto Total  Netto
Coal 004 254 358 004 008 926 - - - - - - - - - - - 001 337 1883 | 259 1634 647 559
il 083 057 080 08 175 070 - - - - - - - - - - 6920 672 2993 11138 | 020 11119 2967 2962
N.Gas 067 1179 1659 070 141 1491 - - - - - - - - - - - - 905 7g2 9305 | 417  8ag 18,99 1814
Biomass 106 735 1137 165 226 020 - - - - - - - - - - - - 729 518 3636 | 005 3631 000 0,00
Renewable - - - - - - - - - - - - 726 Tt - - om - - - 1489 | 000 1489 000 0,00
H2etc. - 000 000 000 000 000 - - - - - - - - - - - - - - 000 | 000 000 000 0,00
Biofuel - B X - 00 - - - - - - - - - - - - - - - 000 | 000 000 000 0,00
Nuclear'CCS - - - - - - - - - - - - - - - - - - - - 000 | 000 000 000 0,00
Total 260 2225 3235 327 550 2508 - - - - - - 726 T8t - - 002 68,20 23,07 7640 27460 | -7.01 267,60 5514 53,35
T AATR TAAAT
Qutput specifications Denmark2030Reference.ixt The EnergyPLAN model 12.0 W
(
District Heating Production \\>
Gr.1 Gr.2 Gr.3 RES specification
District District Sior-  Ba- District Stor-  Ba- RES1 RES2 RES3 RES Total
heating Solar CSHP DHP | heating Solar CSHP CHP HP ELT ©Boiler EH age lance| heating Solar CSHP CHP HP ELT Boiler EH age lance Wind Offsho Photo' 47 ic
MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW
January 414 1 0 413 2618 0 0 1630 40 0 947 0 0 0| 446 0 197 2342 0 0 1606 0 0 0 743 782 0 0 1533
February 424 2 0 22| 278 0 0 1847 40 0 ot 0 0 0 4241 0 197 2383 0 0 168t 0o o o 10895 1039 O 0 2134
March 381 2 0 350 2282 0 0 1847 40 0 594 0 1 0| 14 0 197 2418 0 0 100 0o o o 867 905 0 0 1772
Apri 83 3 0 28| 1829 0 0 1818 40 0 203 0 8933 42| 2896 0 197 2386 0 0 343 0 2931 11 710 802 0 0 1512
May 227 3 0 223 1435 0 0 1313 40 0 4t 020982 34| 2272 0 197 2027 0 0 49 0 7449 A 720 792 0 0 1511
June 103 3 0 100 es0 0 0 595 40 0 4 0 8708 26| 1030 0 197 809 0 0 2 0 9999 2 752 884 0 0 161§
July 103 4 0 99| es0 0 0 58 40 0 4t 028543 9| 1380 0 197 807 0 0 2 010000 O 505 600 O 0 110§
August 103 3 0 00| es0 0 0 &8 40 0 4t 031528 7| 10380 0 197 87 0 0 2 010000 O 721 7780 0 1500
September 158 3 0 55| o8 0 0 97 40 0 4t 020504 0| 1581 0 197 138 0 0 2 010000 O 707 794 0 0 1501
Oolober 235 2 0 24| 1486 0 0 1391 40 0 4t 031465 15| 2884 0 197 2042 0 0 101 0 6870 13 1192 1145 0 0 2337
November 308 1 0 37| 1950 0 0 1646 40 0 231 0 3942 33| 3089 0 197 2366 0 0 525 0 9%3 0 1146 1095 0 0 2240
December 268 1 0 368| 2329 0 0 1845 40 0 843 0 2 0| 388 0 197 2383 0 0 1108 0 0 0 773 802 0 0 1574
Average 257 2 0 255 1627 0 0 1286 40 0 320 013725 0| 256 0 197 1840 0 0 53 0 4865 0 82 866 0 0 1692
Maximum 723 28 0 723 4572 0 0 1847 40 0 2884 0 40000 2115| 7240 O 197 2440 0 0 4602 0 10000 2500 3100 1952 O 0 5052
Minimum 80 © o 76| 569 0 0 0 40 0 4t 0 0 -1126 902 0 197 548 0 o 2 0 0 -15%5 0 0o o 0o o
Total for the whole year
TWhyear 226 002 000 224| 1429 000 000 11,12 035 000 281 000 000| 2263 000 173 1617 000 000 473 0,00 0,00 728 761 000 000 14,87
Own use of heat from industrial CHP: 0,00 TWhiyear
NATURAL GAS EXCHANGE
ANNUAL COSTS  (Million DKK) DHP& CHPZ PP ind-  Trans  Indu.  Demand Bio-  Syn- CO2Hy SynHy SynHy  Sto-  Sum Im- Ex-
Total Fuel ex Ngas exchange = 47040 Boilers CHP3 CAES  vidual port Var, Sum gas gas gas gas gas age port port
Uranium = 0 MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW MW
o 108 January 837 41838 423 1815 0 4317 11524 0 o 0 0 0 0 11524 11524 0
CiasolDieos 13572 February ~ 867 4193 483 1863 0 4317 11722 0 0 0 0 0 0 11722 11722 0
et 17398 March 553 4226 688 1540 0 4317 11332 0 0 0 0 0 0 11332 11332 0
Gias handiing - e April 240 4144 77 1190 0 4317 10608 0 0 0 0 0 0 10808 10808 0
S 9= 5659 May 92 349 1251 878 0 4317 10016 0 0 0 0 0 0 10016 10016 0
Eood hmoome - o June 48 1481 2884 257 0 4317 8986 0 0 0 0 0 0 8986 8986 0
oo e T o July 47 1441 2088 257 0 4317 9051 0 0 0 0 0 0 o051 9051 0
August 48 1439 29056 257 0 4317 9016 0 0 0 0 0 0 9016 9016 0
Total Ngas Exchange costs = 15911 Seplember 64 2366 3125 533 0 4317 10405 0 0 0 0 0 0 10405 10405 0
Marginal operation costs = 850 October 110 3571 1678 919 0 4317 10594 0 0 0 0 0 0 10584 10594 0
ginal opera - November 306 4173 1459 1286 0 4317 11541 0 0 0 0 0 0 11541 11541 0
Total Electricity exchange = -1083 December 599 4180 1691 1586 0 4317 12383 0 0 0 0 0 0 12383 12383 0
‘mmﬁ = ;:;; Averag 316 3231 1698 1030 0 4317 10593 0 0 0 0 0 0 10523 10503 0
S e Maximum 2303 4251  B418 3362 0 4317 19574 0 0 0 0 0 0 19574 19574 0
= Minimum 40 584 0 193 0 4317 5292 0 0 0 0 0 0 sz 5202 0
Fixed imp/ex= ]
Total for the whole year
Total COZ emission costs = g2 TWhyear 278 2838 1491 905 000 3792 9305 000 000 000 000 000 000 9305 9305 000
Total variable costs = 70079
Fixed operation costs = 4947
Annual Investment cosis = 11383
TOTAL ANNUAL COSTS = 87289
RES Share: 18,7 Percent of Primary Energy 46,1 Percent of Electricity 22.6 TWh electricity from RES 15-januar-2015 [13:34]
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9.3. Graphics

Results can be shown graphically and exported by the clipboard function.

By activating the Graphics tab sheet, the results are illustrated graphically on the basis of the hourly
values.

Three choices are offered by activating the buttons in the upper left corner of the button section: the
electricity balance, the district heating balance, and the grid gas electricity demand. For district
heating, one can choose to see either one of the three groups or a sum of all of them. Three diagrams
are shown for each of the items.

The diagrams can be shown either for one day, three days, one week, one month or the whole year.

The diagrams can be shown either in colour or as monochrome (black and white).

The results can be shown for all periods of the year by activating the two buttons "Forward" and
"Back".

Also, the diagrams can be exported by clicking on the "clipboard" button located in the upper right
corner of each diagram.

i EnergyPLAN 14.0: Startdata _O)(x
= EnergyPLAN 14.0: Startdata
“| Home = AddOnTools  Help (]
) [‘ li cpen o E:f @ Hg o i a2 || B snowHns®
+ Bl save = Show Hourly Valuzs
Home  New Settings Notes  Web Run Run  Run Run | |Treeview | Tabs
B save As (Clipboard) (Screen) (Print)  (Serial)
| il I Fun I —
warnings Appear Here:
o Overview g
= District heating Demand: Vear | ClipBoard | District hesting Production: Year | Clipboard |
Electricity E] 000
Heating arm
Cooing
Industry and Fuel 2000
Transport %
Water 2,000
Supply
Heat and Electricity 16
Central Power Producti 5

1000 2000 3000 4000 5000 6000 7,000 8000

WVariable Renewable Elef 1000 2,000 3000 4000 5000 6000 7000 8000
Heat Onlp L Westeheat/Geo B CHP
Fuel Distribution H ,i DH for biogas DH for heating Wl DH for cooling ' HP Boiler Elsct
Waste
Liquid and Gas Fuels E =
Biofuels Heat Storage Contert: Year | Clipboard |
- Biogases 18,000 |~ —
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Diagram 6: Example of graphical presentations of results
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9.4. Run serial calculations function

Run serial calculations to clipboard:

To run zeries of caloulations and zave main results zat the following button ta "0 and chose input and output below: Off

Define input N input Chaose number of calculations [masximum 11 il

Input values ] 0 1] i 0 1] a0 0 1] 0 0
Define output CEEF Twihivear

Start calculations to: Clipbrd

Start calculations to: Al

Moreover, the output tab sheet makes it possible to run series of up to nine or eleven calculations by
activating the “Run series calculations”. The calculations are started be activating either the “Clibrd”
or the “Ascii” buttons. In the first case, the results are put into the clipboard and can be exported to
any Windows programme such as Word or Excel by the Ctrl+V function.

Before starting the series calculations, one must

define which input parameters are to be changed by activating the “Define input” button
define how many calculations are to be carried out by activating the button “Choose number of
calculations”

define a value of each input by stating inputs in the “input values” column, and

define which output parameter one wants to save in the Clipbrd/Ascii function by activating the
“define output” button.

9.5. Export Screen Data to Clipboard and e.g. Excel

The same results which are shown in the screen function (defined by the user as described in section
9.1) can also be exported to the clipboard and thereby to, e.g., Excel.

This is simply done by setting the run serial button at “Off” and activating the clipboard function in the
Output overview tab sheet:

Run serial calculations to clipboard:
To run zeries of calculations and gave main results gt the following button to "0n' and choze input and output belo °

Define input Mo irput Chose number of caloulations [masimum 117

(Lt values a 0 a a 0 a a 0 a a 0
Define output CEEF Twh/year

Start calculations t

Start calculations to: A
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10. Business-economic optimisation of CAES plants

In general, the EnergyPLAN model has a focus on system analysis, i.e., the analysis of national or
regional energy systems. However, the model also enables a business-economic analysis of individual
plants in the case of electricity storage systems with a special focus on CAES (Compressed Air Energy
Storage) plants.

The business-economic analysis can be done by activating the button “Advanced CAES” in the Input
Storage tab sheet. The tab sheet will look like shown here:

f{i EnergyPLAN 14.0: Startdata _(O)(x
(K = EnergyPLAN 14.0: Startdata
Home | AddOnTools  Help a@
ﬁ [‘ |& Open a Ef @ ﬂg ﬁ g = Fek Show Hints*
+ B Save = Show Hourly Values
Home  New Settings Notes Web Run Run Run Run Treeview | Tabs
B save as {Clipboard) (Screen) (Print) (Serial)
General Run View
“Warnings Appear Here:
Stabilisation share smart chaige EY and Y25 |” Share of chatge connection 5+ Replacing boier with electic heating in g: 3 with masimum capaciy: (1 []
Overview & Reducing RES3 MW/
E] Stabilisation share b [ 0 Share of i g
abllicalion share transmission e = AR 7 : Reducing power plant in combination with RES1, RES2, RES3 and AES4
& Demand Minimurn CHP in gr. 3 7 & Increasing COZHydrogenalion (See Tabsheet Sythetic Fuel) if avallable capacity
B :urﬂ‘y_ " T fi Ml 3 Partloading nuclear (speficiy partioad options in electicily anly T abshes(]
o “E”Ig'afi;; torage Note: Elechicity intercannection is defined under the
Thermal Supply -> icity only tabsheet
Liquid and Gas Fuel 5
- Cost Rockbed Storage
General Capasiies
B Investment and Fixed OM Chargs [slecticity) [0 W Storags lossrate 005 | Share pr hour
-~ Heat and Elestricity
- Renewable Eneray Discharge [steam) [0 M Share of PP1/CHP (0.8
Liquid and Gas Fuels = Storage Capacity |0 Gllh Steam/fuel ration 1
Heat Infrastiucture
- Flosd Vehicles
Other Vehicles
Waler
Additional Electricity Storage Electricity
Fuel Capacties Efficiencies Fuel Fiatio ) Storage Capaciy SRR
Wariable OM Charge o Mw |08 0 Gwh system
Extenal Electiicity Marke] i
Discharge 0 Hw (09
Simulation
= Output Alow for simulbaneous aperation of hurbing and pump: | MO
Overview
Deavien Wm {for CAES technalogies o similar) /
Graphics

Advanced Thlo [

Zompressor variable operation cests [DKK/Mwh)
Compressortanes [DKK/Muh)
Turbing vatiable operation cost (DKKMwh)

800

Min sales prics (DKK.Muh)

Income electricity (MDKK) price
Cost electisity (MDKK) price

Matursl Gias prics DKM 10 Cost compressor aperation (MDKK] price o

Market average price [DKK/Midh]: 227 Cost compressor Taxes price
Cost turhine operation (MDKK]  price Turbing Market voluman Limits: Change distribution | corst et
Cost natural gas (MDKK) price

“alue of storage diff (MDKK) Compressor Market volumen Limits; | Change distribution | const tat

Net income: (MDKK]

price

o

iice )
2 Allow for simulaneous operation of tubine and pump: Yes

Max storage (Gwh] price

The main technical input variables can be defined in the area marked in red. Such input variables are
already described in chapter 4.4.

The main financial inputs are shown in the lower left area marked in yellow. Except from the fuel costs,
the inputs are imported from other tab sheets. The pump and turbine operational costs reflect the
variable entered in the Cost Operation tab sheet, whereas the average electricity price reflects the
average of the price time series entered in the ‘Balancing & Storage->Electricity’ tab sheet.

The main operational results are shown as output in the lower middle part marked in blue. These

results include electricity consumption and production costs, operational costs, fuel costs, the net
income, and the maximum utilised storage capacity. Besides, certain strategy-specific variables are
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entered in the box above this area. For example, the maximum number of iterations in strategy 6 and
the projected period in strategy 4 are entered in this area.

In the upper part of the area marked in blue, one can choose between the following three operation
strategies:

- Strategy 4: Practical prognosis strategy
- Strategy 5: Practical historical strategy
- Strategy 6: Optimal Strategy (Theoretically optimal solution)

Strategy 6 identifies the theoretically optimal strategy, i.e., the strategy which will identify the highest
possible net operational income of a year given the specified input. The two other strategies represent
practicable solutions.

10.1. Theoretically optimal strategy
The method used for identifying the optimal operation strategy is the following:

The key principle is based on the fact that in order to make a profit, the market price of selling, P,
must be higher than the marginal cost of producing one unit of electricity, MCproq:

M Cprod < IDSeII

The marginal production cost is defined by the marginal operational cost, the natural gas price, and
the price of buying electricity for the compressor. MCproq, is found by applying the following formula:

Mcprod = PNgas * MNratio + MG + [(Pbuy + Mcc) / (nc * Nt )]

In which

- Mcis the compressor efficiency

- 1 is the turbine storage efficiency defined as the power output per unit of energy storage input.
- Mratio iS the fuel ratio defined as the fuel input to the turbine per electricity output

- MC, is the variable operational cost of the compressor

- MC:is the variable operational cost of the turbine

- Pngos is the natural gas price

- Pyuyis the price of electricity for the compressor.

At some hours with very high electricity prices, it may pay to bypass the storage while operating the
compressor and the turbine at the same time. Such operation is included in the strategy and allows
the compressor and turbine to operate simultaneously during the same hour, in case the storage
reservoir is empty.

The optimal operation strategy aims at finding the maximum theoretical operational income given a
deterministic annual electricity price time series. The algorithm can be summarised by repeating the
following 7 steps:

1) Identify the hour with the maximum electricity price (MAXhour) in the spot market price series.
Such hour is given priority when operating the turbine. (In the following iterations, hours already
identified are disregarded and the hour of the remaining maximum price is used).
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2)

3)

4)

5)

7)

Identify the storage boundaries around MAXhour. Running the turbine at MAXhour will have to
be compensated for by running the compressor in such a way that the storage boundaries are not
compromised. In this step, the hours before and after MAXhour are examined. In the time period
after MAXhour, the storage must be charged before the storage reservoir is empty. Similarly, in
the time period before MAXhour, the storage reservoir must be charged when it is full.
Consequently, the period between the last hour of full storage before MAXhour and the first hour
of empty storage after MAXhour is identified. This range constitutes the time space in which
recharging/discharging is possible. The range can very well constitute only the MAXhour itself, in
which case the plant may operate in the bypass mode.

Identify the minimum electricity price within the range defined in step 2. Such hour is given
priority when operating the compressor. (In the following iterations, hours already identified are
disregarded and the hour of the remaining minimum price is used).

Calculate the marginal operational cost (MCproq) based on the minimum price (Pyyy) found in step
3. The marginal production cost (MCproa) is calculated according to the equation described above.
If the maximum electricity price (Psen) found in step 1 is higher than the marginal production cost
(MCprod), the calculation proceeds to step 5.

Determine the “operation bottlenecks” in the range between the maximum and minimum prices.
In the case that one hour of compressor operation is compensated for by exactly one hour of
turbine operation, there is no bottleneck. Otherwise, the turbine and/or the compressor may have
to partly load and the bottleneck is identified as the minimum of the following 4 considerations:
a. Available turbine capacity at the maximum price hour.
b. Available compressor capacity at the minimum price hour.
c. The minimum free storage space if the compressor operation takes place before the
turbine operation.
d. The minimum storage content in case the compressor operation succeeds the turbine
operation.

Operate the turbine at the hour of maximum price and the compressor at the hour of minimum
price by the capacity determined in step 5 and update the storage content. In the case that the
turbine has reached its full capacity, the hour is disregarded in the subsequent iterations. The same
is the case if the compressor has reached its full capacity.

Iterate back to step 1 until the period of one year is completed.

To illustrate the algorithm of the strategy, an example is shown in diagram 10.1 for a CAES plant
comprised by a 216 MW compressor, a 360 MW turbine, and a 1478 GWh storage. In such system, the
rates of air compression and expansion are equal. This permits an equal number of compression and
expansion hours, and such case is presented here for illustration purposes. The algorithm is, however,
capable of dealing with unequal compression and expansion rates.

Diagram 10.1 shows the Nord Pool 2005 electricity prices (upper diagram) used in the simulation of
the CAES plant operation during various iterations (the next three diagrams). After the first iteration,
it is seen that the maximum price is reached around hour 4000, and the turbine is operated during that
hour. The compressor is operated during the minimum price hour (in this case hour 32) within the time
range that does not violate the storage constraint (in this case all hours before hour 4000).
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After 18 iterations (next diagram), the turbine is operated at the 18 hours with the highest prices, while
the compressor operates at the 18 hours with the lowest prices. In year 2005, the lowest price hours
were concentrated at the beginning of the year.

After 100 iterations (last diagram), the CAES plant operation is distributed throughout the year, as the
price maximums and minimums are utilised. Please, note the correlation between the operation hours
and the electricity prices at the top of the figure. The simulation continues until all hours with feasible
operation prices are utilised.
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Diagram 10.1: NordPool electricity prices for 2005 and CAES plant operation after various iterations in the
EnergyPLAN strategy algorithm.
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10.2. Practical operation strategies

In practice, CAES plants will not be able to implement the above-mentioned optimal operation
strategies, since the fluctuations of spot market prices in future hours and days are not known for a

whole year. However, the EnergyPLAN model includes two additional strategies, which can be
implemented:

- Practical historical strategy, in which decisions on buying and selling electricity are based on the
knowledge of the average price over some historical and future period. For example, for strategy
5, if 24 hours is the “Average Period”, then the simulation uses 11 historical hours, the present
hour, and 12 future hours.

- Practical prognostic strategy, in which buying and selling electricity are based on the average price
of the coming hours, e.g., 24 hours. Such a strategy requires the presence of good price prognoses.

The prognostic strategy is based on the concept of bidding on the market according to the average
price of an upcoming user-specified period. The bid on the market occurs in such way that the price
difference between the buying and bidding prices is equally distributed around the average price.
Figure 4 demonstrates this concept for a 24-hour period. The centre line represents the price average
for the shown 24-hour period. Based on that, the distances to the two other lines are calculated.

EnergyPLAN St4

—— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘

S oo / —\ [\

é 280 el ~ AN

8 0|/ A\
S 60 |~ \

1 3 5 7 9 11 13 15 17 19 21 23

hour

Diagram 10.2: EnergyPLAN practical prognostic concept, where the average of an upcoming period, 24 hours in
this figure, is used to calculate the market bidding prices.

The distance between the minimum/maximum lines and the average price, AP, can be calculated
analytically using the following equation:

AP = P(l_ncnr)+K
1+n.n;

192



Where P is the average price over the given period and K is a constant that includes the variable
operational costs and fuel costs:

K=MC + Nec Nt (nratio * Pngas + Mct)

It is noted here that the price average, P, is a flexible average and is updated on an hourly basis, as
opposed to a fixed average over the specified period. This implicitly assumes the ability of the system
operator to update market bids on an hourly basis. Again, the bypass of the storage at hours with very
high electricity prices is included in the strategy and allows the compressor and turbine to operate
simultaneously during the same hour, in case the storage reservoir is empty.

The practical historical strategy is similar to the prognostic strategy with the only difference that the
average price is based on the previous 12 hours and future 12 hours instead of a price prognosis for
the upcoming 24 hours. Also, the define your own strategy operates in the same way except decisions
on buying and selling electricity are solely based on the knowledge of a user defined number of
historical and future hours. Firstly, the number of historical hours to use is specified and secondly, the
total range of hours to use is defined. For example, in the figure below, the simulation uses the 10
hours before the present hour and considers a 24 hour range. Hence, decisions are based on 10
historical prices and 13 future prices (including the present hour, that sums to 10 historical + Present
Hour +13 Future Hours = 24 hours).

Strateqy 2 | Define your own hours

Starthour[priar to ®) no. of hors |1 u 24
|nzome electicity [HMOKK] price
Cost electricity (MOEE] price
Cost compressor operation [MDEE] price
Cost compressor Tawes price
Coszt turbine operation [MDEE] price
Cost natural gaz [MDEE] price
Walue of storage diff [MDEE] price
Met income (MDEE] price

Finally, it is planned to include an option in which the “Optimal Strategy 24 Hours” operates in the
same way as the Optimal strategy described in section 10.1. However, instead of optimising the energy
storage facility over the whole year, it only optimises the energy storage over 1 day. After a day has
been completed, the optimisation moves to the next day until eventually the entire year is complete.
To use this strategy, good price prognosis is required. Compared to the 24 Prognostic Strategy, which
updates itself every hour by assuming an intra-day market, this strategy optimises itself over 1 full day
at a time, which requires good price prognosis. However, this strategy has not been implemented yet.
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11.List of Error Messages

energyplan ['5_(

6 Access violakion at address 004DFS67 in module 'energyPLAN. exe’. Read of address FEFFFFFC,

F N
energyplan M

One of the distribution files has too many or too few lines.
It must have exactly 8784 lines with exactly one value in each (see section 3.2.2).

F' ™
energyplan ﬁ

One of the values in one of the distribution files contains letters instead of numbers. In this case,
“335,0hh” should be replaced by “335,0” or “335.0”.

energyplan

File not found: WWPLAN.AALLDKNUsershivat Desktop' EnergyPLAN energyP LAM Data\Distributionsconst.bet

QK
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The stated distribution file (in this case “Wind_WestDK2009”) cannot be found in the distribution
library. Such error typically appears if one receives a data file from another person who has designed
new distribution files. You can either change the files to existing files or get the missing files and place
them in the distribution library.

This error may also appear if you have replaced a version 9 (or lower) with a version 10 (or higher) of
the EnergyPLAN model without making an “EnergyPlan Data” directory to host the three data

directories as subdirectories (See item 5 next page).

4.

energyplan Iﬁ

[8] Invalid floating point operation.

L st .J

The calculation has been interrupted because of division by zero. Please, check if you have recently
changed an input (e.g., to zero) and replace with a small number like 0.0001 instead and see if this
helps. Moreover, please send a note to the following email: lund@plan.aau.dk, giving as much
information as possible about the error and the cause. We try to avoid such failure from happening by
making the necessary change in the tool.

5. The name of the input data file is not showing in the upper left corner of programme and the print.

Input FLAN

ElectricEy demand (TWh'year] Flexibie demand 2,70

Fhred demand 31,74 Flxed Impiexp: 0,00 Group Z

Electic heatbing 0,00 Transporiabion 0,00 CHF

Electric ooolng 0.00 Tota: 34 44 Heat Fumip
Eoler

District heating [TWhiyear) Grd Gr2 Gr3 Sum Group =

District heating demand 286 11,08 24,34 3=.39 CHE

Solar Themma 125 13 061 324 Heas Bump

rdustrial GHF (GEHF) 0,00 0,00 285 155 A

CDemand afier solar and CBHP 1.71 8,70 1.0 3z2.50 Cnndsmcinn

Iﬂ EnergyPLAN 12.0: Startdata

A"

Harne Add-On Tools Help

ﬁ[‘i‘ \ & oo ngif Hﬂ ﬁ

B save
Home  Mew Impaort Settings Motes  Web Run Run Run Run
from excel B Save As (Clipboard) (Screen) (Print)  (Serial)
| General I Run

This may be because you make use of the Windows Offline Files feature on your computer (see
http://www.windows7update.com/Windows7-Offline-Files.html). You will then have to make sure
that all units (as unpacked from the original Zip file) are located and being operated from the same
hard desk.
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As described in chapter 3, the model is organised as an executable file
and three libraries: Data, Distributions and Cost, which have to be
organised in the following way. To avoid this failure make sure
everything is operated from the same hard desk.
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12. List of Warning Messages

A number of different input combinations will create an error in the EnergyPLAN tool. If this occurs, a
warning is created by EnergyPLAN outlining the type of error. The warnings are shown in three

different places:

First, they are shown in the lower left corner of the input Tab sheets. In many cases, this enables the

user to consider the error before the calculation is done:

(6) Hegative Eldemand in hours when subtracting cooling and/or heating

Additionally, the warnings will appear on the output print, as shown below, as well as at the top of the

output screen (if one has chosen to see the output on the screen).

mes s

il PreviewResultFrm

u e T e T = TRITRRRTIT Y] e e w e .
Hydro Poweer O mMw 0 TWhiyear Gr2: 0,00 000 Syngas capacity o mMw Indu
Geothermal/Muclear 0 mMw 0 TWhiyear Gra: 0,00 000 Biogas max to grid o mw Wari
Qutput WARNING!!: (1) Critical Excess; (4) Syn/biogas shortage (6) Negative Eldemand

District Heating Electricity
Demand Production Consumption Production
Distr. Wastat Ba- Elec. Flex& Elec- Hydro| Tur- Hy- Geo-  Wastet Stab-
heating | Solar CSHP DHP CHP HP ELT Boiler EH lance demand Transp. HP  trolyser EH Pump| bine RES dro thermal CSHP CHP PP Load Imp
RW [ ORI MW MW MW MW MW MW MW | MW | MW MW BRI MW R BV | MW B W MW B IV A | B MW

January 3856 0 0 0 2678 203 0 a78 o -3 | 1835 0 88 1087 0 1] 0 472 o 0 0 2382 173 172

February 2544 0 0 0 2888 207 0 &2 o -1 1817 0 58 1087 0 1] 0 450 o 0 0 2203 114 184

March 2140 o 1] o 2808 223 o 320 o -8 | 1147 1] T4 1087 o u] 1] 358 ] o 0 2085 8 151

555885 WARNING:. Critical Ezxcess Electricity Production 55555

558585%8% WARHNING: Grid Stabilization requierments are HOT fullfilled 55555

S55555 WARNING:

EnergyPLAH model
RESULT: Data—=et:

Tambna—=al

10.0 Te=t.
Startdata

o sk a e e 1

08—juni-2012 [13:09]

The following warnings are included:

(1) Critical Excess:

Too little Ga=zification Syngas to provide for Hydrogenation S85558

This warning appears if the excess production of electricity during one hour or more exceeds the
capacity of the transmission line out of the system; this is known as critical excess electricity production
(CEEP). If such critical excess production appears, the electricity supply system will not be able to
operate. To avoid this, one may want to activate one or more of the CEEP strategies available in the
“Balancing & Storage->Electricity” tab sheet. Conversely, one may not want to avoid it in the analysis

so it is possible to calculate the size of it.
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(2) Grid Stab. Problem:

This warning appears if the electricity production during one hour or more does not meet the input
requirements specified in the ‘Balancing & Storage->Electricity’ tab Sheet. EnergyPLAN divides the
electricity producing units into two types: those that play and those that do not play an active role in
the task of grid stabilization. For example, they may be part of supplying regulating power and primary
automatic reserve. EnergyPLAN assumes by default that large CHP and Power Plants in group 3 have
such abilities. In the ‘Balancing & Storage->Electricity’ Tab Sheet and the Renewables Tab sheet, one
can specify to which extent this is also the case of small CHP plants in group 2, V2G, and Wind Power.
Moreover, it is possible to specify the minimum share of the total electricity production that should
come from the active units (in the ‘Balancing & Storage->Electricity’ tab sheet). If this minimum share
is not met during one or more hours, the model will give this warning.

(3) PP/Import problem:

If there is not enough capacity to meet the electricity demand, EnergyPLAN will import the electricity.
However, if the import during one or more hours exceeds the capacity of the transmission line, this
warning will appear. To avoid this, one must either add more electricity production capacity (by
increasing PP for example) or increase the capacity of the transmission line.

(4) Syn/biogas shortage:

This warning appears if one (in the SyntheticFuel Tab Sheet) has specified a demand for either Biogas
or Syngas from Gasification which exceeds the supply on an annual basis. To avoid this situation, one
must either lower the demand and/or increase the production in the BiomassConversion Tab sheet.

(5) V2G connection too small

This warning is displayed if one has specified an electricity demand for electric vehicles such as EV or
V2G in the Transportation Tab sheet which cannot be supplied with the specified charging connection.
To avoid this situation, one must either lower the electricity demand or increase the charging capacity.

(6) Negative Eldemand:

In the ElecDemand Tab Sheet, the electricity demand for heating/cooling is subtracted from the total
‘Electricity demand’ using the distributions provided. Depending on the distributions used and the
annual totals, this subtraction may cause negative hourly values during one or more hours: During such
hours, EnergyPLAN will adjust the demand to zero and, consequently, the subtraction of electricity will
not match on an annual basis. When this occurs, this warning will appear, and to avoid this, one must
make sure that the annual demands and the distribution files specified are designed in such a way that
this problem is not generated.

(7) Electrolyser increased

The current electrolyser capacity or import of hydrogen cannot cover the demand specified. Thus the
electrolyser capacity is increased to ensure the energy balance. Please check, and increase the
sufficient electrolyser your self to make sure all investment costs are included.
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(8) DH boiler capacity is too small

The warning is displayed when the district heating system in either group 2 or group 3 cannot supply
the entire heating demand. The warning reflects that the simple solution is to add more capacity to
the district heating boiler, to be able to cover these peak demands, but other alternatives are also
possible. This includes lowering demands, or increasing other capacities in the system.

(9) CCU Capacity too low

The warning is displayed when the selected category of CO2 Captured to be applied in CCU cannot
meet the total CO2 demand for e-fuels production. The warning reflects that the simple solution is to
include more CO2 in the prioritization strategy, add more capacity, if possible, through capture rate,
capture target and share of plants with carbon capture, or even adding more CDR by means of DAC
and DOC. Of course, another option is to lower demand for e-fuels in the system.

Transport Electrolyser is too small. Must be xx MW

This warning appears if one has specified a demand for hydrogen without specifying a sufficient
capacity (and storage) for hydrogen production. The demand for hydrogen can be specified either for
transportation in the Transportation Tab Sheet and/or for Hydrogenation in the SyntheticFuel Tab
Sheet. To avoid this problem, one must do one of the following: lower the demand for hydrogen and/or
increase the capacity of the electrolysers and/or increase the hydrogen storage in the ElecStorage Tab
Sheet. Please, note that EnergyPLAN calculates the hourly hydrogen demands using the specified
distribution for transportation. As a consequence, one may be able to lower the electrolyser capacity
required by adding or increasing the capacity of the hydrogen storage.

Indv. CHP Electrolyser is too small. Must be xx MW

This warning appears if one (in the Individual Tab Sheet) has specified a demand for hydrogen for micro
CHP without specifying a sufficient capacity (and storage) for hydrogen production. To avoid this
problem, one must either lower the demand for hydrogen and/or increase the capacity of the
electrolyser and/or the hydrogen storage in the ElecStorage Tab Sheet. Please, note that EnergyPLAN
calculates the hourly demands for hydrogen using the individual heat demand distribution for micro
CHPs. As a consequence, one may be able to lower the electrolyser capacity required by adding or
increasing the capacity of the hydrogen storage.
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