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Abstract—An extended CHP system in a characteristic future
market situation with a share of 50% electric energy provided
by renewable energy sources is analysed using the open energy
modelling framework oemof. Cost-optimal plant configurations
are computed based upon assumptions for investments costs and
energy prices. The results show that thermal storages are always
integrated in the optimum plant layout with little sensitivity to all
assumptions. A storage for electrical energy is only considered if
sufficiently high price periods occur in the electric energy market.
This result is highly sensitive to assumptions regarding storage
cost and energy prices. The model is made available open-source
for further use.

Index Terms—energy system analysis, optimization, open-
source model, oemof, CHP, energy storage

I. INTRODUCTION

Europe’s energy system faces a transition period with in-
creased integration of renewable energy (RE) sources. This
leads to new challenges with the need to manage high load
gradients, highly fluctuating residual loads and high values
of both negative and positive residual loads [1] . Currently,
various technical solutions for these challenges are being dis-
cussed: Besides grid extension and load management (demand
side and across energy sectors) this includes application of
storage technologies and increased flexibility of the remaining
conventional power plants [2]–[5].

This work is based on previous work investigating the
flexibility options for CHP plants [6]–[8]. Here, we detail
this approach with a simulation focusing on the integration
of energy storage capacity in combined heat and power plants
(CHP). For future characteristic market conditions with ap-
prox. 50% RE share in the electric power sector, it shall be
evaluated how CHP plants should be extended with storages
and potentially power-to-heat.

For this, we apply linear optimization and determine the
components’ cost-optimal dimension and the cost-optimal unit
dispatch in every hour of the year. The optimization is carried
out with the open energy system modeling framework (oemof ).

The project is funded by the German Federal Ministry for Economic Affairs
and Energy (BMWi) FZK 03ET4047B.

With this open-source solution a transparent and reproducible
approach is presented for the evaluation of an extended CHP
which is presented in II.

II. INVESTIGATED SYSTEM

Fig. 1 shows the investigated energy system schematically.
Typical power plants for district heating consist of combined
heat and power (CHP) units for base load and conventional
boilers for thermal peak load. In this work, additional com-
ponents may be integrated during optimization if better cost
results can be obtained. These components are electric energy
storage (EES), thermal energy storage (TES) and electrical
boiler (power to heat - P2H). The dimensions of all com-
ponents are results of the optimization computations, but the
order of magnitude is defined by the thermal energy demand
which is characteristic for a medium/large size German district

Fig. 1. Schema of the investigated energy system in case of all available
components are being installed.

heat network with a peak thermal power demand of 1GWth.

A. Technical Specifications
• The CHP is a natural gas fired combined cycle power

plant (CCPP). Tapping the steam turbine (heat extraction
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for district heating) reduces the electricity generation.
The effect is described by the power loss factor β
which quantifies the electrical power output reduction
with district heat extraction (maxExtr) compared relative
to operation without heat extraction (woExtr):

β =
Pel,woExtr − Pel,maxExtr

Q̇th,maxExtr

(1)

Here, we calculate with β = 0.17. The CHP operates with
an electric efficiency at maximum electrical power (with-
out heat extraction) of ηel,max = 0.6 while its electric
efficiency at maximum heat extraction is ηel,min = 0.55.
The thermal efficiency at maximum heat extraction is
ηth = 0.3 and thus the overall CHP energy efficiency
results in ωCHP = 0.85. In order to avoid unrealistic
CHP dimensions during optimization, its electrical power
output is limited to a maximum of 1GWel.

• The conventional boiler is also natural gas fired. We
assume an efficiency of ηCB = 0.9.

• The electrical energy storage is assumed to be a battery
that can be charged/discharged within 1 h with charging
losses of 5%. Capacity losses over time are neglected.

• The thermal energy storage can be charged/discharged
within 6 h. We assume a pressure-less storage (water tank)
with 1% charging losses and 0.1% capacity losses per
hour.

• The power-to-heat unit has an efficiency of ηP2H = 99%.

B. Investment Costs and Economic Assumption

Simulating the operation of an energy system in a future
scenario brings the need for costs projections. Here, we assume
that all components have the same life time and weighted av-
erage cost of capital (WACC). The specific annuity, C/(kW·a)
or C/(kWh·a), for each component is calculated from capital
expenditure (CAPEX), life time and WACC as given in Table I.

TABLE I
ECONOMIC ASSUMPTIONS

Component CAPEX Life Time WACC
CHP 700 000 C/MWel

a 20 a 8 %
CB 59 000 C/MWth

a 20 a 8 %
P2H 100 000 C/MWth

b 20 a 8 %
EES 200 000 C/MWhel

a 20 a 8 %
TES 8 000 C/MWhth

b 20 a 8 %
aCost projection for 2050 from [9].
bOwn assumption.

III. MODEL

We use an optimization model that determines the cost-
optimal component dimension and unit commitment (dispatch
optimization) for a prescribed thermal energy (district heating)
demand given as hourly averaged values for one year of
operation. Thus the heat demand of the district heating network
is a boundary condition while electricity generation depends
on the economic benefit.

A. Open Energy System Modelling Framework

The optimization is carried out with the Open Energy Sys-
tem Modelling Framework (oemof ). It represents the energy
system as a network consisting of nodes and their connec-
tions which are named flows. A node represents a technical
component or a collector/distributer of several flows named
bus.

Components represent the actual sources, consumers and
transformation processes within in energy system whereas
flows and buses define the interconnections of the components.
The flows represent the inputs and outputs of the components.
In that way the topological description of the energy system
is defined. The topology of this work’s energy system corre-
sponds with the schema in Fig. 1. Note that not only each grey
box is a component in oemof but also the labels on the left and
right hand side, they represent energy sources and consumers.

The framework uses an object-oriented approach in the
programming language Python and provides several libraries.
At the current version, the tool set includes optimization
libraries as well as tools to simulate feed-in from renewable
energy sources or local heat demand for a specific region.

As the model of this work illustrates, oemof is not designed
to constitute a standalone executable. Instead, the oemof
libraries are meant to be used in combination with input
data, parameters and possibly other Python libraries to build
applications [10]. The framework oemof with its libraries has
been published open source under a free license [11].

B. Input

As input the model takes the technical and economical
specifications of the components (see Subsection II-A and
Table I) and two time series: one for district heating demand
and one for market price of electricity, both with hourly values.

1) District Heating Demand: We use real data from a
German heat supply company from 2012. The data were
provided by AGFW [12]. For our work we scale the maximum
thermal load while keeping the profile of the load curve, as
shown in Fig. 2. Here, he make the simplifying assumption
that the load profile will remain the same in the future. The
maximum thermal load in our case is set to 1000MWth. Thus,
the accumulated thermal energy that is to be distributed in the
year amounts to 2558GWhth.

2) Electricity Prices: In order to determine a cost-optimal
solution, revenues for the electrical energy output have to be
taken into account for the simulation. Future market models
have large uncertainties. Nevertheless, it was necessary to
make a plausible and representative assumption of the elec-
tricity price. In the following, we describe the corresponding
approach:

First, price data is plotted as a function of power output from
conventional plants in Fig. 3 (upper part), which is represen-
tative for the residual load (RL), i.e. the difference between
electrical energy demand and the feed-in load of renewable
energy sources. The data is taken as hourly averaged values for
2017 from the Bundesnetzagentur [13] and from the European
Network of Transmission System Operators for Electricity
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Fig. 2. Thermal energy demand profile and load duration curve from 2012.

Fig. 3. Correlation between Day-Ahead electricity prices and residual loads
in 2017 in absolute values (upper figure) and comparison of pricing models
for future electricity prices in relative values (lower figure).

(ENTSO-E), made available by Open Power System Data
[14]. The average day-ahead price is around 35 C/MWhel,
but prices increase with RL. Also, prices near or below zero
occur for a threshold of RL in the order of magnitude of 20
GW. For the future, it can be expected that this threshold will
be significantly lowered as several large and unflexible power
plants are taken out of the market (e.g. nuclear and lignite
plants). To illustrate the effect, in Fig. 3 (lower part) the 2017
data points have been normalized setting the lowest RL to
0% and the highest to 100% and setting the highest price to
100%. Based on this data, we created two simple models of
electricity price and RL which are also plotted in this figure: a
quadratic relation ranging from 0 to 100 % and a linear relation
with the same average price as the quadratic relation. With
that prerequisite, the price maximum of the linear relation is
roughly half of the maximum of the quadratic relation. In the
following, these two relations are considered for simulation
and their influence on the results will be investigated. It has
to be pointed out that it is not our target to model the market
behaviour precisely in every operation hour of a given year.
We aim to investigate how the price dependency influences
a cost-optimal system design. The linear relation represents a
low maximum price but comparatively high prices even for
low RL. The quadratic relation emphasizes the effect of price
increase due to demand (and thus RL) increase.

In order to investigate a characteristic future scenario of the
electrical grid, we compute a typical RL profile for a market
situation with a 50 % share of RE of the annual accumulated
power generation. We base upon the electrical energy con-
sumption profile of 2012 to match with the domestic heating
data of the same year which has been taken as input for
the thermal load. Assuming unchanged consumption and an
increase of RE capacity taken from the base scenario of [15], a
representative RL profile was computed and plotted in Fig. 4.
RL ranges from 65 GW to -20 GW with approx. 400h of
negative RL. At this point it is not crucial to predict such
effects for a specific year in the future, but to consider the
consequences of an increasingly high share of RE in power
generation.

Matching this RL profile with the two price relations
described above results in two time series of predicted market
prices which are used for the optimization. The average price
for both price relations was set to 56.88 C/MWhel taking into
account an increase of market price level. We assume a market
price of 0 C/MWhel for hours of negative RL. However, even
with negative residual load there is only limited supply of
electrical energy for use in P2H or charging an EES. In order
to model this effect, the maximum electrical energy input was
limited to 150MWel. The hourly value of available RL was
scaled by multiplying this value with normalized negative RL
(ratio of negative RL and the maximum negative RL).

C. Further Assumptions

• The gas price is assumed to be Pgas = 33.8 C/MWhth.
It is a projection for 2035 and taken from [16].
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Fig. 4. Residual load curve and duration curve of a future scenario with a
high share of RE.

• The price for district heating PDH is coupled with the
gas price in a way that the price of a unit district
heating corresponds with the costs of a unit thermal
energy produced in the conventional gas boiler: PDH =
Pgas/ηCB = 37.5 C/MWhth.

• The power flow in the grid is not modeled. We assume
no losses and no limitations in transmission.

• The district heating network is not modeled. We do not
consider thermal or pressure losses.

• Costs and effects connected to start-up and shut-down of
technical components are neglected.

• The model works with perfect foresight. All demands and
price developments are known beforehand.

D. Computation Details

We simulate a period of one year with a time step of
1 h. The objective function that is to be minimized are the
accumulated costs over the year consisting of the fuel costs
and the investment costs (annuity) minus the revenues from
heat and electricity distribution. For the actual optimization
we use the open source COIN Branch and Cut solver (CBC).

As output, the model returns the cost-optimal dimension for
each component (Table II) and the hourly dispatch. This is a
time series for each component representing the electrical or
thermal power output or the stored energy in every time step.
The latter is given in accumulated form as balances of the
operation year (Table III).

IV. RESULTS

As shown in Table II, the cost-optimal system design
incorporates a CHP with 1000MWel nominal power and a
potential thermal energy production of 500MWth regardless
of the price model. Because this optimization result is equal
to the upper limit which was given it can be concluded that
with the given average market price it is profitable to operate
on the electricity market. Also, for two other components the

results show little sensitivity towards the price model: The
conventional boiler is designed to cover around 40 % of the
maximum district heating load (Q̇DH,max = 1000MWth) and
the TES should be able to store slightly more than 5h of
maximum CHP thermal energy production.

In case of the quadratic price relation the system design
additionally includes the investment in an EES with a capacity
comparable to almost one hour of full load CHP generation.
This price relation with its disproportionately large price
increase for higher RL favors a high EES capacity because
it makes energy arbitrage more profitable. Investments in a
P2H device were not made because in hours of negative RL
EES charging is more profitable than P2H operation.

TABLE II
INSTALLED POWER AND CAPACITIES OF OPTIMIZED SYSTEM

Quadratic Linear
Price Relation Price Relation

Inst. Elec. Power CHPa MWel 1000 1000
Therm. Power CHPb MWth 500 500

Inst. Therm. Power P2H MWth 0 31
Inst. Therm. Power CB MWth 420 379

Inst. Capacity EES MWhel 917 0
Elec. Power EES MWel 917 0

Inst. Capacity TES MWhth 2599 2764
Therm. Power TES MWth 433 461

aMaximum electrical power without district heating.
bMaximum thermal power in condensing mode.

TABLE III
OPERATION ANALYSIS OF THE OPTIMIZED SYSTEM

Quadratic Linear
Price Relation Price Relation

CHP Operating Hours h 5760 5351
CB Operating Hours h 2690 2037
P2H Operating Hours h 0 414

Hours of feed in (grid) h 4251 5580
Hours of Charging EES h 1930 0
Hours of Discharg. EES h 549 0
Hours of Charging TES h 2528 3124
Hours of Discharg. TES h 3439 4442
Total Electricity Supply GWhel 4312 4894

Total Heat Supply GWhth 2558 2558
Gas Consumption GWhth 8551 9328

Elec. Energy Consumpt. GWhel 13.2a 10.7b

Stored Electricity (EES) GWhel 496 0
Stored Heat (TES) GWhth 494 633
Full Cycles (EES) − 541 0
Full Cycles (TES) − 190 229
Energy Efficiencyc % 80.3 79.9

aDue to EES charging.
bDue to P2H operation.
cAnnual performance of the whole system.

A contrary investment decision regarding EES and P2H
devices can be observed in case of a linear price relationship.
The EES is not beneficial enough to be considered. Instead,
a small P2H device shall be implemented with a power of
31MWth. This P2H dimension is considerably smaller than

Atlantis Highlights in Engineering, volume 4

148



TABLE IV
ANNUAL COSTS OF THE OPTIMIZED SYSTEM.

Quadratic Linear
Price Relation Price Relation

Investment costs annuity Mio. C/a 94.6 76.2
Fuel costs Mio. C/a 289.0 315.3

Income district heatinga Mio. C/a -96.0 -96.0
Income electricitya Mio. C/a -386.8 -348.2

Net annual system costsa Mio. C/a -99.2 -52.7
aPositive income is given as negative costs.

the maximal negative RL (150MWel), but comparable to the
average negative RL, which is 43.6MWel.

In case of absence of an EES, the TES has 24 % more
hours of operation and 28 % more thermal energy stored. In
this case, the TES is the only component allowing to decouple
electric and thermal output resulting in more operational hours.
During periods of high electric power demand, electric output
can be maximized by storing the cogenerated heat that exceeds
the currend heat demand. In contrast, CHP operation can be
avoided in periods with low prices for electricity by providing
the required heat from storage (TES) or boiler. This behavior
shows an increase in flexibility on the electric output by use
of a thermal storage.

For completeness, Table III lists electric energy consump-
tion (EES charging or P2H operation) as well as overall energy
efficiency. Both parameters are comparable for the two price
relations.

A look at the costs and revenues of both systems (Table IV)
reveals that the quadratic price structure results in higher
income through electricity supply even though the amount of
electric energy distributed (see Table II) is smaller compared to
the system assuming a linear price model. The latter has less
investment costs but due to higher fuel consumption caused
by the higher electricity supply the net annual revenue is 47 %
smaller.

V. SENSITIVITY ANALYSIS

All input data, assumptions and future predictions have
uncertainties. A sensitivity analysis is carried out in order to
analyse the impact of four important input parameters (EES
and TES CAPEX, gas and electricity price) on the system
design (parameters of Table II). The input parameters are
varied by -20 %, -10 %, +10 % and +20 % and their influence
on the system design is presented in Fig. 5 to 12. The variation
is done for both price relationships.

From the results of chapter IV it can be expected that
EES capacity is likely to be influenced significantly. For the
quadratic price relation, this can be confirmed: EES capacity
drops significantly with rising EES CAPEX showing the
limit of profitability of the power arbitrage. However, the
same parameter for linear price relation does not show any
influence. This indicates that even reduced EES cost does
not allow arbitrage operation for the given price assumptions.
Similar results can be observed for the impact of electricity

Fig. 5. Sensitivity of the cost-optimal system design to the EES CAPEX
(linear price relationship).

Fig. 6. Sensitivity of the cost-optimal system design to the EES CAPEX
(quadratic price relationship).

prices. High electricity prices boost EES profitability for the
quadratic price relation resulting in a significant increase of
EES capacity. No effect on EES capacity is seen in case of
the linear price regime.

Two additional trends are interesting regarding the sen-
sitivity of electricity prices: Firstly, for low prices and the
linear relation (see figure 7), the overall profitability of the
CHP in the electricity market is reached. This results in
a reduction in CHP capacity (reducing electric output) and
higher boiler capacity (compensating for equal heat output).
A small CHP produces less thermal power output to be
stored which consequently leads to a significantly smaller TES
capacity. This underlines that such extended CHP systems can
only work profitably if a certain average market price can be
reached. Otherwise it is more economic to produce heat and
power separately. Secondly, higher electricity prices lead to
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Fig. 7. Sensitivity of the cost-optimal system design to the average electricity
price (linear price relationship).

Fig. 8. Sensitivity of the cost-optimal system design to the average electricity
price (quadratic price relationship).

slightly smaller TES capacity because power/heat decoupling
is financially less important.

The natural gas price and TES CAPEX show small impact
which is comparable for both price relations. Sensitivity anal-
ysis for TES CAPEX shows a gradual drop of TES capacity
with rising costs. Large TES have lower full cycles per year
and require therefore lower CAPEX to be profitable. Finally,
rising gas prices have the opposite effects of rising electricity
prices which were described above. This was to be expected
as high gas prices influence costs whereas electricity prices
influence revenues.

VI. STORAGE USE

Fig. 13 and 14 help to analyse the storage use. Each blue dot
in the figures represents one hour of operation with electrical
and thermal power output of the entire system. Additionally,

Fig. 9. Sensitivity of the cost-optimal system design to the gas price (linear
price relationship).

Fig. 10. Sensitivity of the cost-optimal system design to the gas price
(quadratic price relationship).

red crosses mark such hours in which storages are charged
and discharged.

For electrical storage use, power arbitrage is clearly visible
in Fig. 13 in case of the quadratic price relation. The EES
is charged leading to zero electrical power output at variable
heat output. Discharge allows high power output pushing
the maximum system power output significantly beyond the
maximum CHP power of 1000 MW. For linear price relation,
no EES is implemented and thus there is absence of charg-
ing/discharging.

TES operation is more complex but comparable for both
price relations. For discharge, three operation characteristics
can be identified: Symbols marked with D1 symbolize opera-
tion with maximized power output (CHP condenser operation).
D2 mark hours with avoidance of boiler operation. Finally,
D3 characterize operation hours in which CHP operation is
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Fig. 11. Sensitivity of the cost-optimal system design to the TES CAPEX
(linear price relationship).

Fig. 12. Sensitivity of the cost-optimal system design to the TES CAPEX
(quadratic price relationship).

avoided or minimized. For charging, also three regimes can
be distinguished: C1 hours are characterized by best energetic
efficiency of the CHP unit. C2 hours have a low thermal output
(e.g. summer operation) with the best possible CHP part load
efficiency. And during C3 operating hours TES charging is
accomplished by boiler, low CHP load and P2H (only linear
price relation).

VII. CONCLUSIONS

This work analyses the extension of CHP plants with stor-
ages and power-to-heat. Data and assumptions are characteris-
tic for a future market situation with a share of 50% electric en-
ergy provided by renewable energy sources. Linear optimiza-
tion is carried out using the open-source framework oemof.
Cost-optimal CHP plant configurations and unit dispatch are
computed based upon assumptions for investments cost, gas
prices and two price relations of the electric energy market.

Fig. 13. Power supply of the system in every hour of the year correlated
with the systems’ district heating distribution in that hour (quadratic price
relationship, no P2H).

Fig. 14. Power supply of the system in every hour of the year correlated with
the systems’ district heating distribution in that hour (linear price relationship,
no EES).

In addition to today’s typical plant configuration consisting of
CHP and conventional boiler, the future optimum plant always
includes a thermal storage. This result shows low sensitivity
to all assumptions. In contrast, use of an electrical energy
storage is highly sensitive to EES CAPEX and energy prices
for gas and electricity. It is only considered if sufficiently high
price periods occur in the electric energy market as use of
EES is strictly characterized by power arbitrage. TES use is
more complex as decoupling of electric and thermal energy
output and can offer divers advantages such as better overall
efficiency, avoidance of low load operation and maximizing
revenues in high price hours.
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