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Abstract 
 
Flexible District Energy plants providing heating and cooling to cities have an important role in the transition 

to a renewable energy system. They may become major actors in integrating wind and solar power, when 

equipped with a combination of combined heat and power units, heat consuming absorption chillers, heat 

pumps producing both heating and cooling and large thermal energy stores.  

However, often electricity prices do not create sufficient feasibility for these to be installed thus calling for 

support schemes. The societal resources dedicated to support should be minimised while ensuring the 

establishment of an adequate amount and right ratio between these units. This paper presents a method 

for determining the capacities different support schemes will promote as a function of dedicated resources. 

The method is used in a comparison of two support schemes promoting combined heat and power; a 

premium on top of hourly wholesale electricity prices and a fixed Feed In Tariff. The comparison shows that 

the premium scheme requires a little less total support than the Feed In Tariff scheme for promoting a given 

amount of electrical capacity, but promotes a five-times larger thermal energy store capacity, thereby 

promoting substantially increased flexibility for integrating intermittent power production. 
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Abbreviations and terms 

   
Flexible units Units that may advance or defer production or consumption through access 

to thermal storage. Includes Combined Heat and Power (CHP) units, Heat 
Pumps (HP) and electric chillers.  

Premium scheme Support scheme, with a fixed price supplement on top of hourly wholesale 
electricity prices. 

FIT scheme In this paper, a Feed In Tariff scheme is a support scheme, where the elec-
tricity producers get a fixed price in all hours. 

 

1 Introduction 

Climate change has been on the global political and environmental agenda since the 2015 Paris 

agreement [1] established a common target to limit global warming to well below 2°C.  Most coun-

tries are therefore seeking ways to reduce greenhouse gas emissions [2]. 

The European Union (EU) has set a target of 40% reduction in CO2-emissions by 2030, compared 

with 1990 [3]. In order to achieve this target, certain actions are planned, amongst others a revision 

of the EU Emissions Trading System after 2020 [4] and binding emission targets for all the EU mem-

ber states for the sectors outside the ETS until 2030 [5]. Regardless of the ways for the reduction, 

enhanced deployment of renewable energy sources (RES) is one of the main elements; sources that 

to a high degree are of an intermittent nature. 

Concurrently with the transition of the energy system, the United Nations (UN) World Urbanization 

Prospect [6] has described an ongoing urbanization worldwide. Today more people live in urban 

areas than in rural areas, and the Prospect projects that by 2050, 66% of the world’s population will 

be urban. This impact both which RES to use and how to use these for covering demands. Appropri-

ate technologies for covering heating and cooling demands depend for instance on the demand 

density in the cities, where the high densities favour the District Energy (DE) systems. 

The UN Environment Programme [7] states that half of the energy used in buildings today is heating 

and cooling and that most of this comes from fossil fuels. It further states that DE is a tried-and-

tested answer to a more sustainable coverage of urban heating and cooling demands, however cur-

rent DE development is limited [8]. 
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The research project Heat Roadmap Europe [9] concluded that a 30-40% reduction of the existing 

heat demand in Europe is socio-economic feasible, and approximately 50% of the remainder should 

be covered by DE. As an indicative figure, the project finds that when the heat density is above 120 

TJ/km2, DE is socio-economic the cheapest way of covering the heat demand. A thermal atlas [10] 

made in the Heat Roadmap Europe shows e.g. that parts of all major cities in Germany and the 

United Kingdom have higher heat densities than this threshold. DE plants providing heating and 

cooling to cities should thus have a significant role in the emission reduction and transition to a 

renewable energy system.  

Providing heating and cooling to multiple buildings, DE systems can use far larger sources of heating 

and cooling than can be connected to just one building [7]. The sources include waste heat from 

industry or power stations [11]; large solar thermal [12]; heat from groundwater and sewage sys-

tems [13], free cooling from lakes, rivers or seas [14] and geothermal energy [15]. 

The role of DE plants changes with the renewable energy exploitation. Before a country has devel-

oped a comprehensive amount of intermittent renewable energy production, DE plants primarily 

displace fossil fuel-based condensing mode power plants, heat production on individual and com-

munal boilers[16] and cooling from electric chillers. This is accomplished though cogeneration of 

heat and power (CHP) and trigeneration units that are producing as much electricity as the heat 

and cooling consumption allows. 

When a high level of intermittent production is reached, this production almost covers the elec-

tricity demand, leaving only few hours for CHP and trigeneration. Instead,  the DE plants have a 

major task of producing heat and cooling efficiently through HPs and to participate in the integra-

tion of intermittent production providing power when intermittent production does not suffice 

[17]. 

These very different tasks of DE plants in the transition to a RES-based system call for these to be 

equipped with large CHP and HP capacity as well as large TES [18]. The large CHP capacity is 

needed both when the task is to displace condensing mode power and when the task is to supple-

ment intermittent production. The large HP capacity is primarily needed in the integration of inter-

mittent productions by primarily consuming electricity and producing heat in periods with high in-

termittent production; periods typically with low prices [19]. The large TES capacity is closely re-

lated to the large CHP and HP capacity enabling these to detach momentary thermal demands 

from productions. 

However, often the present and most likely the future electricity prices do not create sufficient fea-

sibility for the CHPs, HPs and TES to be installed. Therefore, support schemes are required to provide 

the required capacity.  

EU has in several reports dealt with the challenge of designing and reforming energy sector support 

schemes [20–22] and pointed out, that support should be limited to what is necessary and the sup-

port schemes should be flexible and respond to decreasing production costs [20]. Furthermore, sup-

port schemes should be phased out as technologies mature [20], and unannounced or retroactive 

changes should be avoided as they undermine investor confidence and prevent future investments 

[20].  
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On the basis of its analysis of support schemes, the EU Commission recommends, that FIT schemes 

are phased out and that support instruments are used that expose energy producers and consumers 

to market price signals such as Premium schemes [22]. However, Dressler [23] has pointed out that 

Premium schemes may enhance market power, favours conventional electricity production and may 

even hamper the increase in production from RES.  

From a policy side, the EU Commission states that support is intended to cover the gap between 

costs and revenues, therefore adequate revenue projections must be made beforehand, but also 

states that these projections of the needed level of support can be difficult to make ex-ante, since 

the support may interact for example with electricity prices in a complicated manner [22]. Thus an 

ideal method for assessing DE support schemes should be able to show and to quantify if the level 

of support of the chosen support scheme can be expected to lead to the appropriate amount of 

production and storage capacity at DE plants and at what support cost. 

The optimal extent of flexible CHPs, HPs and TES at DE plants in a certain country must be deter-

mined in national or regional analyses or it may even be a political decision. Subsequently, a sup-

port scheme should, at the lowest cost of support, promote this amount. This is the focus in this 

paper.  

 

1.1 Scope and structure of the article 

DE plants have a role to play but require support to fulfil this. For financial reasons, this should be 

minimised while supporting adequate quantities. This paper presents a method for assessing sup-

port schemes promoting CHPs, HPs and TES at DE plants. As an example, the method is used to 

compare two support schemes promoting CHP; a Premium scheme, where a fixed price supple-

ment is paid on top of hourly wholesale electricity prices, and a FIT scheme, where the producer 

through price hedging is secured the same total fixed price in all hours for all electricity produced. 

The original and innovative contribution in this paper is that the method allows a quantitative 

comparison of how different support schemes influence the capacity and design of flexible DE 

plants and thus their ability to integrate intermittent power production. The paper thus bridges 

the gap between research, development and implementation, by creating this quantified docu-

mentation. A literature review has not revealed any similar work on support schemes.  

Section 2 describes the methodology focusing on the simulation model and the developed envi-

ronment for testing support schemes. The support scheme cases are described in Section 3. The 

results of the test together with sensitivity analyses are presented in Section 4. The validity of the 

results together with limitations are addressed in Section 5, and finally Section 6 presents the con-

clusions.  
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2 The method 

The support scheme assessment method  consists of an Excel spreadsheet that through Visual Basic 

for Application (VBA) coding iteratively calls energyPRO [24]. For each DE plant, support scheme 

design, size of CHPs, HPs and TES, it calculates an optimized operation of the production units in a 

user-given time horizon (planning period). Calculated cash flows are returned to the spreadsheet 

for each combination, allowing the Net Present Value (NPV) to be calculated. Through iteration, the 

optimal size of CHPs, HPs and energy stores for each DE plant and for each support scheme design 

are thus identified by optimizing the NPV. The stepwise approach is shown in Figure 1.  
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Figure 1: Flowsheet for quantifying the costs of support schemes. 

 

The individual parts are detailed in the following sections. 

  

energyPRO calculates optimized operation and cashflow 

Support level 

External condi-

tions, e.g. weather 

and market prices  

District Energy plant to be analyzed  

Technical and eco-

nomic description of 

the District Energy 

plants considered 

Support scheme 

design 

Change sizes of new production units and energy stores  

Is NPV optimized - 

When all considered plants 

are analyzed change to in-

creased level of support 

Technical and economic 

description of the consid-

ered new production units 

and energy stores 

No Yes 
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2.1 Choosing an appropriate energy system analysis tool   

The energy system analysis tool used in the assessment of support schemes must be able to calcu-

late an optimized operation of user-given production units in each hour of the planning period. This 

temporal resolution is required by amongst others hourly market prices. The planning period con-

sidered is typically 20 years. 

Secondly, the tool must be able to assess the business economic consequences for the plant owner. 

Thirdly, it is a requirement for a tool to be used, that it allows calls from e.g. a spreadsheet, where 

DE plant design characteristics may be changed.  

Sameti and Fariborz have made a comprehensive review of optimization approaches and tools to 

be used [25]. They conclude that while Mixed Integer Linear Programming (MILP) is the most widely 

used approach for optimization of DE systems, most models suffer from very long computational 

time when large networks are considered. Allegrini et al. [26] concludes in their review of tools for 

simulation of DE systems that there are still many important challenges to be overcome if simulation 

tools are to provide the benefits on the urban level that they have delivered at the building scale. 

Olsthoorn et al. focus on storage techniques and renewable energy sources when comparing differ-

ent tools and methods for modelling district energy plants [27]. Lyden et al. [28] makes a modelling 

tool selection process for planning of community scale energy systems including storage and de-

mand side management. They conclude that COMPOSE, DER-CAM, energyPRO, EnergyPLAN, MERIT 

and MARKAL/TIMES are the six tools that meets all essential capabilities. Further to be mentioned 

is TRNSYS [29] meeting the above mentioned requirements. 

It is amongst these tools chosen to select energyPRO [24]. In energyPRO the time step may be 1 

hour or less thus allowing a calculation of the hourly cash flow. It uses indexes for describing e.g. 

the development of demands for heating and cooling and the development in prices over the years, 

which implies that the operation of the production units between the years may change e.g. due to 

changed economic conditions.  

energyPRO is based on analytical programming based on pre-defined methods for finding optimal 

operation – either through marginal production costs of units or through user-defined priorities. 

Productions are placed over one-year time horizons based on full foresight of e.g. spot market 

prices. As a starting point, energyPRO creates a matrix formed by the number of production units 

times the number of time steps (e.g. 1 h) in the planning period. Each of the cells in this matrix 

contains a calculated priority number indicating in which order productions are prioritised in the 

planning period. The priority number for e.g. a CHP in a certain time step could be the cost of pro-

ducing 1 MWh heat reduced with the value of the associated produced electricity. Thus, if a project 

has three production units and the simulation is hourly made using one-hour time steps over a one-

year period, the matrix would contain 3*8760 priority numbers. energyPRO assigns these hourly 

productions in a non-chronological way, starting with the production unit in the time step, that has 

the lowest priority number (highest priority) in the matrix taking into account the restrictions in the 

energy stores and transmission lines. After having tested if this production is possible, energyPRO 

continues to the production unit in the time step with the second lowest priority number in the 
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matrix and tests whether this production is possible. This non-chronological way of assigning pro-

duction has the consequence that each new production before being accepted has to be carefully 

checked to ensure that it does not disturb already planned productions. 

The analyses in this paper are based on a perfect prognosis for electricity market prices when cal-

culating the priority numbers in the matrix. energyPRO thus has perfect foresight and can optimise 

against known future electricity prices. This analytical method is described more thoroughly by 

Østergaard et al. [30].  

Furthermore, an important reason for using energyPRO, is it is widely used by consultants to analyse 

investments in DE plants [31]. That brings the method for assessing support schemes close to how 

investment decisions are made. Furthermore, energyPRO is widely used for research, e.g. Sorknæs 

et al. have applied energyPRO to study the treatment of uncertainties in the daily operation of com-

bined heat and power plants [32]. Østergaard et al. used energyPRO to optimize the sizing of booster 

heat pumps and central heat pumps in district heating [30] and to assess the economy of such sys-

tems [33].  Fragaki et al. applied energyPRO to study the economic sizing of a gas engine and a 

thermal store for CHP plants in the UK [34,35]. Streckienė et al. studied the feasibility of CHP-plants 

with thermal stores in the German Day-ahead market [36] and Østergaard studied heat and biogas 

stores’ impacts on RES integration [37].  

 

2.2 External conditions 

Relevant external conditions include ambient temperatures due to the impact on the space heating 

demand and on gas turbine electrical output. Hourly electricity and gas prices are essential for de-

ciding in which hours the production units shall produce. Furthermore, indexes for the development 

of prices are essential external for long term analyses. Depending on the concrete DE plants, even 

more external conditions might be applicable, e.g. solar radiation and wind velocity.  

 

2.3 DE plants considered 

To assess how a certain support scheme design will create incentives for DE plant design in a given 

country, optimally all DE plants should be analysed. This would require a major amount of data 

about the DE plant stock. As an example, Denmark has a total of 415 DH grids [38], of which 16 are 

supplied by central power plants and 130 are mainly small-scale systems served by boilers. The re-

mainder are mainly small and medium sized CHPs. The Danish Energy Agency holds most infor-

mation about these DH grids, thus in principle making it possible to include all Danish DE plants. 

Another more limited approach is to group existing and new DE plants into typical types of plants, 

allowing only one analysis to be made for each of the groups. 

In this paper we focus on a typical case as described in Section 3. 

 

2.4 Assumptions about the new production units and energy stores 

The technical and economic assumptions about the new potential energy units must include effi-

ciencies and costs. For each support level, different combinations of unit sizes are calculated. In the 
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present version, investment costs have to be continuous functions of the sizes. With discontinuous 

functions, the risk is that a local optimum will be found. If more specific investment costs are not 

available, assumptions given in Danish Energy Agency´s catalogue of technologies [39] may be used. 

However, the investment costs given there are proportional functions of size without economy of 

scale effects.  

 

2.5 The calculation of the support schemes 

The support given to each DE plant through a support scheme is calculated for each hour in the 

planning period and these are subsequently summed in a NPV calculation to determine the total 

societal support. For a support scheme, where e.g. a premium is paid on top of the market price for 

electricity production from CHPs, the cost of the support in a certain hour is calculated simply as the 

premium multiplied by the hourly production. Similarly, for a Feed In Tariff the cost of the support 

in a certain hour is calculated as the Feed In Tariff minus the market price in that hour multiplied by 

the hourly production. This interpretation of support is consistent with the way a Feed In Tariff is 

often administered. Being paid a Feed In Tariff often includes that either the transmission system 

operator or a balancing responsible party sells the produced electricity at the Day Ahead market. 

The support is only the difference between the Feed In Tariff and the market price in that hour. This 

difference is often paid by the consumers through a grid tariff. That is also to imply, that if in a 

certain hour the price in the Day Ahead market is higher than the Feed In Tariff, the cost of the 

support in this hour is negative. 

 

2.6 Choosing the optimal investment 

There are different economic criteria used for choosing an optimal investment, amongst others Sim-

ple Pay Back time, Internal Rate of Return, NPV, or a combination of more criteria. Here is used the 

NPV of the additional cash flow at the plant in each month in the planning period, caused by the 

investment in new units. 

As an example, when considering investment in CHPs and TES at a boiler-based DE plant, the pay-

ments relating to these additional units include amongst others 

• sale of electricity, 

• support paid through the chosen support scheme, 

• extra purchase of fuel, because a CHP uses more fuel than boilers to produce the same 

amount of heat, 

• extra use of CO2 quotas, 

• fixed and variable costs of the CHPs, 

• reduced variable costs of the boiler and  

• the investments in the components.  

An optimal solution found by optimizing the NPV may result in identifying too large CHPs and TES 

compared to what in fact will be established. Smaller sizes may be chosen to save investment cost, 

but the identified sizes still indicate what CHPs and TES will be established.  
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For a certain DE plant and a certain level of support the optimal size of the new production units 

and TES are determined in a two-dimensional matrix-calculation as illustrated in Table 1. Here a CHP 

capacity of 4.4 MWe and a TES capacity of 480 m3 is identified as the combination with the highest 

NPV. The path to this optimum goes through iterative calls of energyPRO starting with zero CHP and 

zero TES. First, the size of CHP is increased until the NPV starts to decrease. Keeping this CPH size 

fixed, the TES is increased until NPV starts to decrease. Then again, the size of the CHP is increased 

keeping the size of the TES fixed. This procedure continues, until no improved NPV is found. 

At a capacity of 3.8 MWe, the optimization procedure will start increasing the TES until a size of 420 

m3 is reached. Then CHP capacity is increased while keeping the size of the TES fixed. The size of the 

CHPs then ends at 4.4 MWe. Then again, the size of the TES is increased keeping the size of the CHPs 

fixed, which ends the optimization at a CHP capacity of 4.4 MWe and a TES of 480 m3 since no further 

NPV improvement is possible. 

In the method, it is possible to choose the precision of the found optimal solution, e.g. by choosing 

the size of steps when increasing the sizes of the new production units and TES, and it is possible to 

choose a minimum improvement in NPV for accepting an increase in the sizes of the components. 

 

Total 
CHP ca-
pacity 
[MWe] 

 
TES [m3] 

 
0 60 120 180 240 300 360 420 480 540 

3.00 2.515 2.585 2.627 2.651 2.662 2.665 2.663 2.659 2.654 2.648 

3.20 2.563 2.642 2.692 2.722 2.738 2.744 2.744 2.742 2.739 2.735 

3.40 2.598 2.686 2.742 2.777 2.797 2.805 2.807 2.806 2.803 2.800 

3.60 2.623 2.715 2.775 2.815 2.838 2.849 2.853 2.853 2.851 2.848 

3.80 2.632 2.727 2.794 2.838 2.865 2.878 2.884 2.885 2.884 2.882 

4.00 2.627 2.727 2.797 2.846 2.878 2.895 2.902 2.905 2.905 2.903 

4.20 2.605 2.713 2.790 2.845 2.883 2.903 2.913 2.917 2.918 2.917 

4.40 2.570 2.687 2.772 2.834 2.876 2.902 2.915 2.922 2.924 2.924 

4.60 2.522 2.648 2.742 2.809 2.857 2.887 2.904 2.913 2.916 2.917 

4.80 2.461 2.596 2.698 2.772 2.823 2.857 2.877 2.888 2.893 2.896 
Table 1: An example of the path to an optimal solution, shown in a section of a decision matrix of Net Present Values in Mio. 
EUR of investment in CHP and TES at a DE plant. 

 

Using this heuristic to find an optimum offers a much faster calculation, compared to calculating 

all possible combinations of CHP´s and TES capacities. 

 

2.7 Outputs 

The output from the test of support schemes show for each DE plant the economically optimal in-

vestment in new production units and TES as a function of the level of support of the support 

scheme and as a function of the NPV of the paid support.  
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3 Test of the two support schemes  

This section describes the external conditions, the technical and economic assumptions about the 

CHPs and TES, as well as the DE plant case used in the test of the two support schemes.  

 

3.1 External conditions  

The planning period is set to 20 years from 2017 to 2026, and the real discount rate used in the NPV-

calculations is set to 3%, equal to a nominal discount rate of around 4-5%, being a realistic bank 

interest rate for financing the investments. All prices are given in 2016 levels. 

For the wholesale electricity prices are used the prices in the Scandinavian Day-ahead market. This 

market is organized as a marginal price market [40], where each producer in a certain hour gets the 

same price for the produced electricity equal to the most expensive bid accepted in that hour [41]. 

In this analysis the Day-ahead prices for all years in the planning period are set equal to the hourly 

prices in West Denmark in 2016 [42]. This gives an average price of 26.7 EUR/MWhe, with a minimum 

price of -53.6 EUR/MWhe and a maximum price of 105.0 EUR/MWhe.  Using hourly prices for only 

one year is a simple choice. A more elaborate approach may include an analysis of the year-to-year 

trend and make projections of any trend in the hourly variations.  

The ambient temperature chosen are Danish numbers with a yearly mean temperature of 8.1 °C, a 

daily mean temperature on the coldest day of -9.0 °C and on the warmest day of 22.2 °C.  

The average natural gas price at the Gaspoint Nordic [43] market was in 2016 around 13 EUR/MWh-

higher value, equal to around 4.0 EUR/GJlower calorific value. In this paper when not being mentioned explic-

itly otherwise, fuel prices and efficiencies refer to the lower calorific value of the fuels. The gas dis-

tribution tariff was around 1.2 EUR/GJ and the transmission tariff was around 0.4 EUR/GJ in 2016, 

adding up to a natural gas price used in all years equal to 5.6 EUR/GJ for both CHPs and boilers. No 

taxes are applicable in this context. 

A CO2 quota price of 8 EUR/tonne is used in all years. This is in parallel with an estimation made by 

Danish Energy Agency [44] for 2016. 

 

3.2 CHP and TES characteristics 

In the analyses, efficiencies are constant over time and size independent. Similarly, CPH and TES 

investment and operation costs are modelled strictly proportional to the size.  

TES options are split into four technologies; sensible stores, which use the heat capacity of the stor-

age material, latent stores, which make use of the storage material’s latent heat during a phase 

change, sorption stores, which use the heat of ad- or absorption of a pair of materials and chemical 

stores. The market is dominated by sensible storage vessels due to the qualities, the cost, the sim-

plicity and the versatility of water as a storage medium [39] and is used in this analysis. 

The temperature at the top of the TES is assumed to be 90 °C and at the bottom 50 °C, and 10% of 

the TES is assumed not to be utilized due to stratification layer and placement of nozzles. No storage 

loss is included. The TES temperatures reflect forward and return temperatures in the DH grid.  
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CHPs   

Electrical efficiency 44.0%  
Heat efficiency 48.9%  
Total efficiency 92.9%  

Fixed operation costs 10000 EUR/MWe/year 

Variable operation costs 5.40 EUR/MWhe 

Investment in CHPs 650000 EUR/MWe 

Investment in installation 350000 EUR/MWe 

Thermal storage   

Investment in thermal storage 200 EUR/m3 

Existing boilers   

Heat efficiency 97.1%  

Variable operation costs 1.10 EUR/MWhheat 
Table 2: Technical and economic CHP, TES and existing boilers characteristics (2016-prices) used in this test. Based on [39]. 
  

 

3.3 The DE plant case 

 This test considers only one generic type of DE plants which produces only electricity and heat and 

thus no cooling.  

The yearly amount of heat delivered to the DH grid is 40,000 MWhheat, equivalent to an urban district 

of 1 km2 with a heat density of around 120 TJ/km2 or around 2,000 single family houses. 40% of the 

delivered heat is assumed independent of weather, half of it being grid loss and half of it being 

consumption for the preparation of domestic hot water (DHW). The rest - representing the demand 

for space heating - is assumed linearly dependent on ambient temperature. This represents the 

conditions at a typical Danish DH company [45], where the heat delivered at consumers is composed 

of a 25% share for DHW and a 75% share for space heating. Only the aggregate heat delivered to 

the DH grid is used in the model. 

The load is considered as an external condition, thus no demand side response (DSR) is included. 

An off-set temperature for space heating of 15 °C is chosen so space heating demands only incur in 

days with an average temperature below 15 °C. The heat demand is assumed to be lower in night 

hours compared to day hours, around 20% lower in night hours. This is based on empirical evidence 

from Danish DH systems. 

The resulting heat demand requires an average delivered heat from the DE plant of 4.6 MW, a max-

imum of 11.6 MW and a minimum of 1.6 MW. The hourly delivered heat from plant is shown in 

Figure 2 as a heat duration curve. 
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Figure 2: Heat duration curve for the hourly delivered heat from the DE plant. 

 

From the duration curve one can see that the delivered heat is around 5 times larger in winter than 

in summer, and that the peak delivered heat above 10 MW only happens in few hours of the year. 

 

As the reference situation for analysing the investment in CHPs and TES, the DE plant is assumed to 

produce the heat on existing heat only boilers, which in the reference situation with the assumed 

economic conditions gives a heat production cost of 0.938 Mio. EUR per year. Since the investment 

and operation costs is assumed to be strictly proportional to the sizes of the CHPs it is not important 

in how many units the CHPs is split. It is chosen to split the CHP capacity on two CHP units, as shown 

in Figure 3, which is in good accordance with how CHP at DE plants are designed, as exemplified at 

online presentations at [46].    
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Figure 3: The generic DE plant case consisting of existing boilers and new CPH and TES units. System chart from energyPRO. 

 

4 Results  

This section presents the results of the two support schemes analysed.  

 

4.1 Promotion of CHP capacity 

The total electrical capacity of the CHPs as function of the paid Premium and FIT is shown in Figure 

4. The obvious outcome is that an identical paid Premium and FIT gives a higher CHP capacity with 

the Premium scheme than with the FIT scheme. This is primarily because in addition to the premium 

paid in the Premium scheme is also paid the price in the Day-ahead market. Additionally, it is seen 

that above a certain level of support the growth in CHP capacity becomes smaller; the system satu-

rate. 
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Figure 4: The optimal CHP capacity at the considered DE plant as a function of paid Premium and paid FIT. It is seen that if the DE 
plant is paid a premium of 30 EUR/MWhe the optimal CHP capacity will be around 5.5 MWe. Similarly, if paid a FIT of 60 EUR/MWhe 

the optimal CHP capacity will be around the same size. 
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Figure 5 shows the optimal installed CHP capacity as function of the NPV of the paid support over 

20 years for the two support schemes. This figure shows more clearly that the cost for society of 

having a certain CHP capacity at the considered DE plant is nearly the same, whether the Premium 

scheme or the FIT scheme is used, though slightly smaller with the Premium scheme. This is because 

with the Premium scheme, it becomes more feasible to invest in TES which allows the plant to seek 

to place the electricity productions in hours with the highest electricity price. This is not the case 

when using the FIT scheme, in which case the plant is paid the same price in all hours thus providing 

no incentive to place the electricity productions in hours with the highest electricity price, thereby 

making the needed support in the FIT scheme higher. 

 

 
Figure 5: Optimal installed CHP capacity at the considered DE plant as function of the NPV of the paid support over 20 years for 
with the Premium scheme and the FIT scheme. 

 

4.2 Promotion of TES 

The largest difference between the Premium scheme and the FIT scheme, however, is that the 

Premium scheme promotes around five-time larger TES to be installed than the FIT scheme, as 

seen in Figure 6.  
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Figure 6: Optimal installed TES as function of NPV of paid support in 20 years for the Premium scheme and the FIT scheme. 
 

It is seen in the figure that at a NPV of paid support around 3 Mio. EUR there is no investment in 

TES. This may be understood by observing Figure 5, showing that a NPV of paid support around 3 

Mio. EUR makes an investment in the CHP around 2 MWe. This size, however, is approximately 

equal to the base load of the heat demand, as seen in Figure 2. Similarly, a NPV of paid support 

around 30 Mio. EUR makes an investment in the CHP around 7 MWe, which is a large CHP capacity 

compared to the heat demand therefore requiring a large TES when paid the Premium scheme. 

 

4.3 A sensitivity analysis of the Premium scheme 

In the analyses so far, the Premium scheme has constituted a fixed premium in all 20 years, however 

the design can me more complex. In hours with negative market prices for instance, a fixed supple-

ment could create a positive and wrong incentive for production. One minor change could thus be 

that the premium was not to be paid in hours with negative prices in the Day-ahead market. A major 

change could be that the premium is reduced by e.g. 40% in the last 10 years.  

As a sensitivity analysis, this section present results of an analysis of a design of the Premium 

scheme, where the premium is only paid in the first 10 years. One consequence of this will often be 

that the daily operation of the CHPs changes significantly after 10 years, because in more hours they 

will no longer be competitive in producing heat compared to the heat-only boiler. 

Figure 7 show the optimal installed CHP and TES capacity at the considered DE plant as function of 

the level of the support in the Premium scheme, either paid in 20 years or in the first 10 years. It is 
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seen, that when the support is only paid in the first 10 years, a higher level of support is needed to 

have the same installed CHP and TES capacities.  

  

 
Figure 7: Optimal installed CHP and TES capacity as function of the level of the support in the Premium scheme, either paid in 20 
years or only paid in the first 10 years. 

   

 

However, as seen in Figure 8, the installed CHP capacity at the considered DE plant as function of 

NPV of the paid support, is practically the same, whether the support is paid in 20 years or only paid 

in the first 10 years. The same applies for the TES size, but the support paid in 20 years results 

systematically in a little higher TES size. 
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Figure 8: Optimal installed CHP and TES capacity as function of NPV of the paid support in the Premium scheme, either paid in 20 
years or only paid in the first 10 years. 

 

4.4 Sensitivity analyses at fixed NPV of support 

Further sensitivity analyses are provided in Table 3. The total CPH and TES capacities are shown at 

a NPV of the paid support equal to 10 Mio. EUR. The table show that the conclusion that a 

premium support scheme promotes a little more electrical capacity and promotes a five-times 

larger thermal energy store capacity to be installed is not sensitive to changes in conditions. 

 

Sensitivity analysis 
FIT support scheme Premium support scheme 

CHP 
 [MWe] 

TES 
[m3] 

CHP 
[MWe] 

TES 
[m3] 

Main case 4.56 118 4.70 605 

Only 10 years of support 4.52 103 4.91 527 

Gas price increased by 20% 3.89 84 4.15 499 

Investment costs increased by 20% 4.00 80 4.26 485 

Spot price increased by 20% 4.83 128 5.27 894 

Discount rate increased from 3% to 5% 4.37 117 4.74 574 
Table 3: A sensitivity analyses of the main case described in Section 3. The CHP TES capacities are shown at a NPV of the paid 
support equal to 10 Mio. EUR. Each of the 6*2 different scenarios shown need around one hundred 20-year calculations to be 
made. The computing of each scenario takes around ¾ of an hour on a 2.3 GHz computer, thus the table shows the results of 9h 
of computing. 
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5 Discussion  

In this section is discussed the reason for that the Premium scheme promotes larger TES to be in-

stalled compared to the FIT scheme, for that diminishing marginal utility of support is found and 

for that an investment support scheme would provide CHP capacity cheaper. Furthermore, using 

the method for assessing support schemes in real applications is discussed.  

 

5.1 CHP operation with FIT and Premium scheme 

To appreciate the results shown in Section 4 it is to be noticed that the simulated daily operation 

of the CHPs is very different, if the considered DE plant is subject to a Premium scheme or a FIT 

scheme. In Figure 9 is shown an example of the simulated operation for a week in June with a Pre-

mium scheme. The total size of the CHPs of 5 MWe corresponds to a premium of 25 EUR/MWh, as 

seen in Figure 4.The upper panel shows the Day-ahead prices, the next two the heat and electricity 

production and finally at the lower panel TES contents.  

As is typically seen, the Day-ahead prices are higher in the morning and late afternoon causing the 

two CHP units to have two starts most of the days of this week. When both CHP units are operated 

they produce around the double of the heat demand and the excess heat is stored in the TES. 

When both CHP units are stopped the heat delivered to the DH grid is delivered from the TES. It is 

further to be noticed, that due to the lower prices Sunday and Monday the TES is more extensively 

emptied these days.  
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Figure 9: An energyPRO simulation of the operation in a week in June with a Premium scheme. The upper panel shows the assumed 
day-ahead electricity prices; the next two the commitment of heat and electricity producing units and the lower the TES content. 

 

The simulated operation of the same DE plant in the same week, but subject to the FIT scheme is 

shown in Figure 10. The difference to be noticed is that with the FIT scheme only one CHP unit is 

operated, and it is operated continuously, while the other CHP unit is not operated at all, com-

pared to that with the Premium scheme both CHPs are operated in multiple operation periods. 

The immediate implications of this are clearly, that with the FIT scheme the CHPs adapt in each 

hour to the immediate heat demands, because there are no incentives to start both CHPs if one 

CHP can cover the heat demand. With the Premium scheme and by using the TES, the CHPs adapt 

flexibly to the immediate demands as indicated by the signal from electricity prices. The NPV of 

paid support in the FIT scheme will be increased when more of the electricity production is placed 

in hours with low Day-ahead prices, which more often will happen, because there are no incen-

tives to avoid producing electricity in hours with low Day-ahead prices.  
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Figure 10: An energyPRO simulation of the operation in the same plant and period as in Figure 9 but subjected to the FIT scheme. 

 

 

5.2 Diminishing utility of support 

It is shown in Figure 5 that with the technical and economic assumptions about the considered DE 

plant, an NPV of 20 years of support around 5 Mio. EUR gives a CHP capacity around 3 MWe, and a 

NPV of support around 30 Mio. EUR gives around 6 MWe. Thus, a six times larger support only pro-

vides the double CHP capacity. This diminishing marginal utility of support is caused by that the 

finite heat demand connected to the DE plant. 

 

5.3 High support compared to the needed support for only providing electrical capacity 

Another finding is that the NPV of the support promoting CHP and TES is high compared to needed 

support for only providing electrical capacity. As shown in Figure 5, a NPV of support around 11.2 

Mio. EUR gives a CHP capacity around 5 MWe. With the used economic assumptions, it would only 

have been around half had the support been made as an investment support instead of a production 

dependent Premium scheme. With a CHP investment cost of 1 Mio. EUR/MWe and fixed operation 

cost of CHPs of 10,000 EUR/MWe/year, in a 20-year perspective this gives a NPV of 5.7 Mio. EUR for 

the cost of the same CHP capacity of 5 MWe. The reason for still considering a Premium scheme 

compared to an investment support scheme is that an investment support scheme would reduce 
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the amount of electricity produced on the CHPs. As an example, with a support of 25 EUR/MWhe in 

the Premium scheme, the DE plant will be equipped with CHP capacity of 5 MWe and 660 m3 TES 

and will produce 30.1 GWhe annually. If the support is given as investment support instead, the CHP 

will be competitive compared to heat-only boilers in fewer hours, which will reduce the yearly elec-

tricity production with 55% down to 16.5 GWhe. 

Especially before a country has developed a comprehensive amount of intermittent RES production, 

where the role of DE plants is primarily through CHP to displace fossil fuel-based condensing mode 

power plants, this reduction may not be acceptable. 

 

5.4 Using the method for assessing support schemes in real applications 

As mentioned, support must be minimised while ensuring proper incentives for adequate invest-
ments in CHPs, HPs and TES at DE plants. This method for assessing support schemes shows that 
for the same NPV of support the design of a DE plant depends significantly on the design of the 
support scheme. This calls for clear steps for designing the needed support schemes: 

1. Making national energy plans for reaching cost effective the national energy goals. 
2. Based on these plans determine the right amount and ratio between CHPs, HPs and TES at 

DE plants. 
3. Design cost-minimising a support scheme that promotes these investments. 

This method for assessing support schemes makes it manageable to make Step 3. The first two 
steps are not easy to complete, but necessary for making a proper design of the support scheme. 
Chittum et al. [47] have made a comprehensive analysis of needed actions for completing the first 
two steps, pointing to the importance of long-term stable energy policy, political consensus, 
awareness of local heat planning and for cities to have needed tools for spatial economic impact 
analysis. 
 

6 Conclusion 

DE plants providing heating and cooling to cities have an important role to play in the transition to 

a RES-based system. In each country the needed extent of flexible CHPs, HPs and TES at DE plants 

must be determined in national or regional analysis, however, often electricity prices do not create 

feasibility for sufficient capacity of these to be installed at the DE plants, therefore, support schemes 

are required. 

This paper proposes a method for assessing support schemes, where the focus is that the support 

schemes besides promoting the right amount of production capacity at the lowest cost of support, 

furthermore must promote the right ratio between production capacity and TES capacity. 

The method is used to test a Premium scheme and a FIT scheme, and the analyses show that the 

Premium scheme requires a little less total support compared to a FIT scheme for promoting a cer-

tain amount of CHP capacity, but promotes a five-times larger TES to be installed. The Premium 

scheme thus promotes increased flexibility for integrating intermittent RES power production. 
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Furthermore, the paper has addressed that before a country has developed a comprehensive 

amount of intermittent RES production, production dependent support schemes is advisable to in-

crease displacement of production at fossil fuel-based condensing mode power plants. When a high 

level of intermittent RES has been reached, this production covers electricity demand in most hours, 

leaving only few hours for CHP production. Investment support schemes may be considered at this 

stage as they require less support. 
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