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Implementation of CCPP for energy supply of future building stock 12 

Nomenclature: 13 

𝑓 (−)   – load factor, average heat load during heating season   14 

𝑓0 (−)   – load factor at the beginning of a heating season 15 

𝑘 (−)      – radiator-type coefficient  16 

𝑛 (ℎ)       – operation hours of CCPP 17 

𝑃𝑐𝑐𝑐𝑐,𝑖 (𝐺𝐺ℎ) – power production in CCPP with outdoor compensation temperature control  18 

𝑃𝑐𝑐𝑐𝑐𝑐,𝑖 (𝐺𝐺ℎ) – power production in CCPP with constant temperature control    19 

𝑄̇ℎ𝑑 (𝑘𝑘)  – design value of the heat load 20 

𝑄̇ℎ (𝑘𝑘)  – heat rate    21 

𝑇𝑒𝑒𝑑  (°C) – design outdoor temperature 22 

𝑇𝑒𝑒 (°C)  – outdoor temperature 23 
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𝑇𝑖𝑖 (°C)  – indoor temperature in the building 24 

𝑇𝑟  (°C)  – return temperature in the DH network 25 

𝑇𝑠 (°C)  – supply temperature in the DH network 26 

𝑇1 (°C)  – supply temperature to DH system 27 

𝑇2 (°C)  – return temperature from DH system 28 

𝑇2𝑑 (°C)  – DH design temperature in return line 29 

𝑇3 (°C)  – supply temperature to hydronic heating system 30 

𝑇3𝑑 (°C)  – DH design temperature in supply line 31 

𝑢𝑚 (−)   – mixing coefficient 32 

𝜏 (ℎ)   – duration of heating season  33 

𝜏𝑖 (ℎ)   – the ith value of heating hours 34 

∆𝑇 (°C)  – temperature difference between supply and return lines in DH system 35 

 36 

1. Introduction 37 

 Biomass Combined Heat and Power (CHP) plants are often seen as an efficient way to 38 

reduce greenhouse gas emissions due to their very low CO2 emissions [1, 2]. The centralized 39 

production of the two energy types leads to greater efficiency in energy conversion and better 40 

emission control [3]. 41 

Bioethanol, or ethanol derived from biomass, has been recognized as a potential 42 

alternative to petroleum based transportation fossil fuels [4]. Among biofuels, bioethanol is the 43 

most widely used for transportation on a global basis and is consumed both as an individual fuel 44 

and in blends with gasoline [5]. Bioethanol can be produced from sugars, starch, and 45 

lignocellulosic biomass, of which the latter is often considered the most sustainable option as it 46 
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offers the possibility of reducing CO2 emissions from transportation without influencing fuel 47 

prices and food prices directly [6]. Primary energy use from renewables in combination with 48 

CHP systems can lead to a significant reduction in CO2 emissions. The CHP plants based on 49 

combined cycle technology, Combined Cycle Power Plants (CCPPs), reach a higher average fuel 50 

utilization of about 80%. The CCPP can achieve primary energy savings of between 9% and 20% 51 

and CO2 emissions reductions in the same range. Renewable driven CCPP, in comparison with 52 

the carbon-intensive fossil fuel technology, achieves significantly higher emissions reductions 53 

[7]. 54 

 The aim of this study was to investigate the operation of an ethanol-based CCPP, under 55 

changeable heat demand profiles, together with the possibilities of lowering temperature levels in 56 

a DH system. Due to strict energy requirements on new building constructions, energy units 57 

connected to supply DH systems, such as CCPPs, can demonstrate significant fluctuations in 58 

performance indicators. This is especially relevant because of the low energy buildings that are 59 

already connected, or will be connected, to the DH in the future. Due to low annual heat demand 60 

and high heat demand peaks during extreme outdoor conditions for such buildings, more insight 61 

needs to be devoted to this problem of the operation of CCPPs. Since the aim of this work was to 62 

analyze the performance of a CCPP at different loads and temperatures, a brief overview on 63 

building load trends and temperatures in DH is given in the following text. 64 

1.1 Issues in estimating duration curve for future building areas 65 

The estimation of heat demands is a complex task, especially for large-scale systems 66 

involving many heat consumers and consumer types [8]. There are many parameters, which could 67 

have an effect on heat load prediction in a DH system. Different authors implemented algorithms 68 

based on yearly observations for heat load prediction. Werner in [9] described a model based on 69 

physical theory. Different additive elements, for example wind speed and global radiation, were 70 
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added to the heat load model. Aronsson in [10] created a model which was based on Werner’s 71 

work but with improvements. He formed the groups that shared the total heat demand load in a 72 

DH system. Arvaston in [11] concluded that outdoor temperature together with the social 73 

behavior of the customers has the greatest effect on heat demand, while different additive 74 

elements investigated by mentioned researches play a secondary role. Gadd and Werner in [12] 75 

mentioned that heat load can be split into social and physical components. Heat loads that depend 76 

on temperature difference and level of insulation belong to physical heat load. Distribution heat 77 

losses caused by pipe insulation can also be included in this category.  78 

Retrofit of a DH system can affect heat load variation, since physical components such 79 

as pipe insulation or distribution pipes play an important role in the overall heat balance of a DH 80 

system. As mentioned in [13], typical relative heat losses in ordinary DH systems are 8 – 15% in 81 

Western and Northern Europe. The corresponding level is about 15 – 12% in Eastern Europe. 82 

Errors and deviations in customer substations and internal heating systems in buildings have a 83 

significant impact on the operation and load of heat supply plants. At the same time, our 84 

industrialized society always tries to automatize monitoring processes in different parts of DH 85 

systems. One of the future trends in the DH industry is smart systems. The smart DH will allow 86 

all the substations to be monitored automatically without enormous labor input. This can lead to 87 

smart load control and consequently to load decrease.  88 

European Directive 2010/31/EU [14] stated that by the end of 2020 all new buildings 89 

should be nearly Zero-Energy Buildings (nZEB) and Member States should achieve cost-optimal 90 

levels by ensuring minimum energy performance requirements for buildings [15]. The change in 91 

the heat duration curve for the heat energy supply unit is inevitable with more buildings being 92 

connected to DH.  93 
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Currently, the entire building sector cannot consist of nZEB and passive houses. 94 

Therefore, the penetration of these buildings into the building stock will show an effect on use 95 

patterns in the future. The modernization of existing buildings has decreased the heat losses in 96 

EU countries, reducing the share of consumption of heat for space heating purposes [16]. This 97 

process has been already accomplished in Western Europe, leading to an increased effectivity in 98 

the heat supply for consumers and decreasing heat consumption throughout the year [17]. Werner 99 

and Olsson in [18] described the possibility of reducing the heat load variation for peak demand 100 

by using buildings connected to the DH system as a means of heat storage. In this study the 101 

authors assumed that the maximum time for heat storage discharge for different permitted 102 

changes in indoor temperature and different induced changes of the outdoor temperature should 103 

be 100 hours. Measurements were performed on different types of buildings (wooden, stone, 104 

tower blocks and old brick buildings). The conclusion was that the estimated time constants were 105 

often well above the assumed 100 hours for all types of buildings. Applying this strategy, an 106 

immediate increase in heat load during daytime temperature variation can be avoided for peak 107 

load energy units. The possibility of optimizing and reducing peak loads in DH systems, applying 108 

remote meters and control strategies, was described by Drysdale in [19].  109 

However, it is not only the residential sector which can be connected to the DH system. 110 

With the increase in electricity prices, the industrial sector can shift from electrical heating to 111 

DH. Difs et al. in [20] investigated the possibility of integrating the industrial sector into existing 112 

DH systems. In this study the Method for Heat Load Analysis (MeLHA) was applied to 34 113 

industries, located in various regions in Sweden and from different trade sectors. If industries use 114 

only DH services for space heating and hot tap water, then the integration effect will result in an 115 

additional load to base load plant, since the summer heat load is less than the plant’s minimum 116 

operating heat load. The conclusion from this study was that industrial processes can be 117 
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successfully integrated into the DH systems, with benefits to base load plants such as CHP 118 

systems.  119 

Different heat load patterns from the customer side together with climate change and 120 

global warming [21, 22] can significantly decrease the profitability of energy supply units in DH 121 

systems. As stated in [23], a good practice consists of designing the CHP plant according to the 122 

minimum heat demand. However, in the case of DH networks, the minimum heat demand is very 123 

low and does not justify the installation of a CHP plant. Then the simple question emerges: How 124 

should DH companies react in the situation when the CHP unit is already installed, but the heat 125 

demand profile shows significant variation throughout the years?  Therefore, the need for 126 

operation analysis f CHP systems with integrated DH systems and changeable heat demand 127 

profiles arises. 128 

1.2 Trends in the temperature level of the DH system 129 

From the beginning of the DH age in the world, three generations of DH distribution 130 

technology were developed [13]. In the earliest systems, steam was used as a heat carrier. Later 131 

on, water became the heat carrier. The materials used in the distribution system propagated 132 

different temperature and pressure levels. Nowadays, DH systems are predominantly built 133 

according to third generation principles. However, different countries have different requirements 134 

for supply and return temperatures in the DH system. In Sweden, for example, for many years the 135 

temperatures in hydronic systems were 80°C – 60°C, while in Germany, these values were greater 136 

and sometimes reached higher than 100°C in the supply line; in Eastern Europe it could even 137 

reach150°C. With the third generation of DH distribution technology, the reduction of 138 

distribution heat losses took place. Together with new building codes, these led to a decrease in 139 

supply and return temperatures in the DH network for areas with new types of buildings.  140 
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Considering different references [24-26], it can be noticed that for different types of 141 

buildings there are different requirements for temperature levels. Authors in [27] showed that 142 

even in the non-renovated houses in Denmark, it is enough to supply DH water at a temperature 143 

of 67°C. International studies [27-30] showed that there is an over-sizing of around 20 – 30% of 144 

DH systems and also of radiator systems, since designers want to be sure that the system provides 145 

enough heat. This can be the reason for further reductions in DH temperatures. 146 

Future grids, with the fourth generation of DH technology, may use low-temperature heat 147 

distribution networks with normal distribution temperatures of 50°C – 20°C as an annual average 148 

[31].  149 

However, in reality, it is not an easy task to implement the ideas regarding low 150 

temperature levels in DH systems, when combining them with heat energy units like CHP. 151 

Different publications devoted to low temperature DH mostly deal with future buildings and not 152 

the existing building stock which, due to the long lifetime of buildings, is expected to constitute 153 

the major part of the heat demand for many decades to come [31]. This means that without 154 

prepared infrastructure, it is almost impossible to bring ideas of low temperature DH to life. 155 

Different customers have different heat load characteristics and it is therefore sometimes rather 156 

complicated to satisfy all customers’ demands with one temperature level lower than 80°C in the 157 

supply line of a DH system. One should also take into account the different types of structures 158 

being built during recent decades, as well as buildings at random stages of renovation [26, 27, 32, 159 

33]. At the same time, a DH system should be competitive and cost-effective.  160 

Nevertheless, the situation is different with the return temperature levels in the DH 161 

system. For certain types of CHP systems a high return temperature in the DH network could lead 162 

to a decrease in plant efficiency or it could be economically inefficient, depending on power and 163 
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heat outputs and the configuration of the plant. A higher return temperature results in higher heat 164 

losses, less energy stored in thermal storage, if that is used, and lower efficiency of heat 165 

generation. These facts make DH less attractive [34]. For these reasons, the authors considered 166 

that for DH systems connected to CHP units, a reduction in return water temperature should be 167 

implemented, leading to an increase in the temperature difference between supply and return 168 

lines. One of the ways to perform this is by the implementation of the “temperature cascading” 169 

[35] principle, suggested by researchers in [36]. This idea implies the connection of customers 170 

with low heat consumption to the return pipes, which is relevant for passive houses and nZEB 171 

buildings [37, 38]. Applying the temperature cascading principle and new substation schemes, as 172 

in [39], it is possible to obtain 20°C in the return line of a DH system and, with future 173 

improvements in buildings, insulation properties and distribution systems, even 15°C. 174 

This paper is divided into the following sections: Section 2 introduces the methodology 175 

for the calculation of the temperature control strategy and heat duration curve in the DH system 176 

and process simulation of a CCPP; Section 3 describes the model and details of the process in the 177 

CCPP. Results of the analysis are discussed in Section 4. The final section outlines conclusions 178 

on the results from Section 4 and remarks on the possibilities for future work. 179 

2. Methodology 180 

The methodology presented in this section describes calculation techniques for the heat 181 

duration curve, an outdoor temperature compensation strategy within a DH system and a 182 

simulation method for the CCPP.  183 

2.1 Estimation of heat duration curve 184 

The heat duration curves used for estimating energy consumption in DH are individual for 185 

each DH system. The number of heating hours needed to supply customers depends on 186 
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geographical location, climatic conditions and outdoor temperature when the heating season 187 

begins, and building types connected to DH. Further, an issue with the construction of heat 188 

duration curve represents the major operation problem for DH companies. It is not fully possible 189 

to plan and predict heat supply to the customers and the fuel needed for the CCPP during an 190 

operation year [13].  191 

Therefore, an analytical expression can be used for the calculation of the heat duration 192 

curve, applying the methodology presented in [40]. The final equation has the following 193 

representation:  194 

𝑄̇ℎ
𝑄̇ℎ𝑑

= 1 − (1 − 𝑓0) ∙ �
𝜏𝑖
𝜏
�
𝑓−𝑓0
1−𝑓  (1) 

where 𝑓 is a load factor (average relative heat load during the heating season) and 𝑓0 is a load 195 

factor at the beginning of a heating season; 𝜏 and 𝜏𝑖 are duration of the heating season and the ith 196 

value of heating hours; 𝑄̇ℎ is the heat rate, and 𝑄̇ℎ𝑑 is the design value of the heat rate for the 197 

minimum external temperature. 198 

This expression is called Rossander’s equation. As described in [40], it allows different 199 

heat duration curves to be built for different data sets. 200 

In the current analysis, the authors assumed that the design external temperature is equal 201 

to -19°C, while the threshold temperature or beginning of the heating season is assumed when the 202 

outdoor temperature is equal to + 10°C. Rossander’s analytical heat duration curve was built for 203 

these temperature conditions and is depicted in Fig. 5. 204 

In this paper three duration curves are used for analysis. Two are based on measurements 205 

and one is the product of the authors’ assumption. In order to justify selected duration curves, an 206 

analytical heat duration curve for predefined climatic conditions was used for comparison.  207 

2.2 Supply water temperature control 208 
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There are different control options for supply and return temperatures in DH systems [13]. 209 

Such methods can be based on a constant supply temperature combined with local flow control, 210 

or a constant flow rate in combination with the control of supply temperature, or both. The 211 

control of the flow or supply temperature can be based on the feedback (indoor temperature) or 212 

the feed forward (outdoor temperature) control signal [41]. In this study, two control options 213 

were investigated: constant supply temperature from energy unit and outdoor temperature 214 

compensation. 215 

In the case of the constant temperature control strategy, the supply temperature to the DH 216 

is set in the heat energy unit. Supply temperature remains constant during operation, while the 217 

control is performed by the adjustment of mass flow rate of water carrier to the customers. In the 218 

case of the outdoor temperature compensated curve, the highest supply temperature is reached at 219 

the design outdoor temperature. The return temperature is the result of the control strategy in 220 

customer substations and overall mixing of flows from all substations.  221 

Outdoor temperature compensation in the DH network can be evaluated based on the 222 

methodology presented in [42]. In this methodology, the expected supply temperature in the DH 223 

network 𝑇1 can be estimated as: 224 

𝑇1 = (1 + 𝑢𝑚) ∙ 𝑇3 − 𝑢𝑚 ∙ 𝑇2 (2) 

where 𝑇2 and  𝑇3 are expected DH return temperature and the expected supply temperature in the 225 

hydronic heating system in a building. 𝑢𝑚 is the mixing coefficient. Then, the expected DH 226 

return temperature can be estimated as: 227 

𝑇2 = 𝑇3 − (𝑇3𝑑 − 𝑇2𝑑) ∙ �
𝑇𝑖𝑖 − 𝑇𝑒𝑒
𝑇𝑖𝑖 − 𝑇𝑒𝑒𝑑

� (3) 
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where  𝑇𝑒𝑒𝑑 , 𝑇𝑒𝑒, 𝑇𝑖𝑖 are design outdoor temperature, outdoor temperature, and indoor temperature 228 

in the building, respectively. 𝑇2𝑑 and 𝑇3𝑑 are DH design temperatures in the return and supply 229 

lines, respectively. 230 

The mixing coefficient can be evaluated as: 231 

𝑢𝑚 =
𝑇3𝑑 − 𝑇1
𝑇1 − 𝑇2

 (4) 

The expected supply temperature for the hydronic heating system can be estimated as: 232 

𝑇3 = 𝑇𝑖𝑖 + 0.5 ∙ (𝑇3𝑑 − 𝑇2𝑑) ∙
𝑇𝑖𝑖 − 𝑇𝑒𝑒
𝑇𝑖𝑖 − 𝑇𝑒𝑒𝑑

+ 0.5 ∙ (𝑇3𝑑 + 𝑇2𝑑 − 2 ∙ 𝑇𝑖𝑖) ∙ �
𝑇𝑖𝑖 − 𝑇𝑒𝑒
𝑇𝑖𝑖 − 𝑇𝑒𝑒𝑑

�

1
1+𝑘

 (5) 

Based on this methodology, Fig. 1 shows curves for the water temperatures in DH. The 233 

calculation was performed for a temperature level in the DH network of 100°C – 45°C. 234 

 235 

Fig. 1 Outdoor temperature compensated curves 236 
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2.3 CCPP simulation 237 

In this paper heat and electricity production in the CCPP were simulated. The simulation 238 

process represents a transient calculation with a step size of one hour. The model of the CCPP 239 

was based on thermodynamic principles and performed in the Aspen HYSYS process simulation 240 

software. This commercial software is available for purchase. Different authors have performed 241 

analyses in this software and their publications validated the accuracy of the models being built in 242 

this software [43-46]. Data post processing was carried out using by MATLAB [47].  243 

3. Case study 244 

In this paper a small-scale DH system was studied, employing a CHP system with CCPP 245 

technology as an energy source for the DH system. The configuration of the CCPP system was an 246 

ethanol-driven gas turbine cycle (GTC), using exhaust heat recovery to drive a bottoming steam 247 

cycle (STC), with steam extraction for DH.  248 

Ethanol-based CCPPs are well known, and different authors have performed studies on 249 

such systems [48-50]. The schematic layout of the system is presented in Fig. 2, and design 250 

parameters are summarized in Table 1. 251 

 252 

Fig. 2 Schematic of the CCPP 253 
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Table 1 Design point parameters of the CCPP 254 

Parameter Value 
Ambient pressure 101 kPa 

Air relative humidity 60% 
Ambient air temperature +15°C 

Pump pressure 100 bar 
Steam turbine inlet temperature +540°C 

Condensing pressure 0.05 bar 
Air excess in air-fuel mixture 4.0 

Fuel temperature +15°C 
Gas turbine adiabatic efficiency 0.9 

Steam turbine adiabatic efficiency 0.9 
Compressor adiabatic efficiency 0.9 

Gas turbine inlet temperature  

 

+1096°C 

 

 

 

 

 

 

Supply temperature in DH system +100°C 

 
Return temperature in DH system +45°C 

  255 

The lower heating value (LHV) of the ethanol is 26.45 MJ/kg. The air and fuel were 256 

supplied to the reactor after a two-stage compression system. The low pressure compressor (LPC) 257 

provides pressure of 6 bar, while the high pressure compressor (HPC) compressed up to 15 bar; 258 

see Fig. 2. The air excess coefficient, α, was set to be 4.0 in the air-fuel mixture. 259 

The GTC was represented by two units; one is a high pressure gas turbine (HPGT) and the 260 

other is a low pressure gas turbine (LPGT); see Fig. 2. The temperature of the flue gases entering 261 

the gas turbine was set 1096°C. The entering pressure of flue gases in the HPGT was 15 bar. The 262 

pressure before the LPGT was 6 bar. The leaving pressure was 1.5 bar, which is slightly higher 263 

than ambient conditions.  264 

The high recovery steam generator (HRSG) was modeled as three stages of heat 265 

exchangers; see Fig. 2. These are an economizer, an evaporator and a superheater. The HRSG has 266 

one steam pressure level. The parameters of the live steam entering the steam cycle were: 𝑇 = 267 
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540°C, 𝑝 = 100 bar. The STC represented three units. The first was a high pressure steam turbine 268 

(HPST), the next was an intermediate pressure steam turbine (IPST), and the last was a low 269 

pressure steam turbine (LPST). The entering parameters of the working medium in the IPST were 270 

pressure of 12 bar and temperature 245°C. In the LPST, the steam condenses up to a pressure of 271 

0.05 bar.  272 

There is one extraction in the STC for DH purposes. The mass flow rate of water from the 273 

DH is satisfied with the heat exchange units. The DH system was fed from the IPST. The steam 274 

extraction occurred at a pressure of 10 bar.  275 

Fig. 3 and Fig. 4 show changes in the plant performance due to change in air temperature, 276 

heat load and elevation. These curves were used for comparison with yearly operation values in 277 

the CCPP. 278 

Fig. 3a shows the relative efficiency of the steam process, power process, and combined-279 

cycle process as a function of ambient air temperature, while other ambient conditions and 280 

condenser pressure remain unchanged. The curves presented on the figures were based on a full 281 

DH load of 14 MW. The reference value of the ambient temperature was fixed at +15°C [51] for 282 

the design conditions. The reference elevation level is 0 m, which corresponds to ambient 283 

pressure of 1.013 bar. However, these values are changeable during the year and have a 284 

significant impact on plant performance. 285 
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 286 

 Fig. 3 CCPP design conditions   287 

Fig. 3b shows the relative power output of a gas turbine and steam turbine in the CCPP. 288 

The relative power output of the steam turbine remains constant, since there is no change in the 289 

DH load. Fig. 3c presents the relative power output of the combined process due to the elevation 290 

above sea level. As can be seen, with an increase in elevation, the power output of the CCPP 291 

decreases due to the change in air density. Fig. 3d illustrates relative power output versus heat 292 

load in the DH system. The gas turbine cycle remains constant, since the change is only made to 293 

heat output in the range of 1 MW to 14 MW.  294 
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Finally, Fig. 4 presents the heat, power and energy efficiencies of the CCPP for different 295 

heat loads in the DH system.  296 

 297 

Fig. 4 Energy efficiencies of the analyzed CCPP  298 

It is important to have design plant characteristics, as presented in Fig. 3 and Fig. 4. Such 299 

curves show the theoretical maximum and minimum of possible plant performance. However, 300 

these values are given for a certain reference point as previously discussed). In reality, when CHP 301 

plants operate under changeable seasonal heat loads, these parameters are far from the design 302 

point. The comparison with yearly operation values will shed light on the issue of variation in 303 

heat load profiles.    304 

In this study, three heat demand profiles were considered to illustrate the heat use in the 305 

DH system. The analyzed duration curves are depicted in Fig. 5.  306 
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 307 

Fig. 5 Heat duration curve  308 

Case 1 presents the heat duration curve during a regular year in the analyzed location and 309 

is used as a reference year. Case 2 presents the heat duration curve under a higher occupancy 310 

level and lower outdoor temperature. The heat duration curves in Case 1 and Case 2 are the result 311 

of measurements, which were carried out on the university campus. Case 3 represents the 312 

situation for future energy consumption, taking into account newly-built passive houses and 313 

nZEB with low heat energy use throughout the year and high peaks during the winter time. Case 314 

3 is the result of an assumption and is represented by a decrease in heating energy use of almost 315 

30% in comparison with the reference year. The heat load characteristics of the analyzed cases 316 

are summarized in Table 2.  317 

Table 2 Heat load characteristics 318 

 Rossander’s Case 1 Case 2 Case 3 
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curve 

Heating energy use (GWh) 37.21 24.36 36.43 17.18 

Average DH load (MW) 6.64 4.47 6.22 3.15 

Difference in average DH load in 

comparison with the reference year (Case 1) 
48.5% - 39.2% 29.5% 

Value of heat load at a maximum 

heating hours’ frequency  
- 4 MW 5 MW 2 MW 

 319 

From Fig. 5 and Table 2, it can be seen that the analytical duration curve has the highest 320 

values of calculated heating energy use and average DH load. At the same time, the analytical 321 

curve gave values close to Case 2, which represents the scenario of higher occupancy and lower 322 

outdoor temperature. Rossander’s equation was developed in the twentieth century, when 323 

climatic conditions were more severe and the length of the heating season was longer. Hence, the 324 

analytical curve shows the maximum possible heat energy use for the analyzed region. Later on, 325 

with the development of building codes and new energy policies, the heat energy use in buildings 326 

decreased. This is the situation presented by Case 1, where the value of heating energy use in the 327 

analytical duration curve is more than twice that of Case 3. This is reasonable, since nowadays 328 

there is a tendency to reduce as much as possible the energy consumption of all new building 329 

types. Moreover, future building stock cannot show higher energy consumption profiles. As can 330 

be noticed from Fig. 5 and Table 2, there is a tendency towards a reduction of heating energy use 331 

in building stock. This observation is very important, since heat energy units should be capable of 332 

withstanding the heat load decrease coming from customers.  333 

Since the aim of this study was to analyze how the CCPP could be implemented for future 334 

building areas, a range of different supply and return temperatures was considered. 335 
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The temperature levels were chosen based on the review of the DH generations. A detailed 336 

explanation about the choice of temperature levels is provided in Section 1.2 of this paper. 337 

Taking into account different studies, conclusions, and the recommendations from these studies 338 

about temperature levels in DH systems, the temperatures presented in Table 3 were studied. 339 

Table 3 Analyzed temperature levels in DH network 340 

Explanation 
 

Supply temperature 
in DH network 𝑇𝑇 (°C) 

Return temperature  
in DH network 𝑇𝑇 (°C) 

2nd Generation of distribution technology 
with medium return temperature 100 45 

2nd Generation of distribution technology  
with low return temperature 100 30 

2nd Generation of distribution technology  
with ultra-low return temperature 100 15 

3rd Generation of distribution technology  
with medium return temperature 90 45 

3rd Generation of distribution technology  
with low return temperature 90 30 

3rd Generation of distribution technology  
with ultra-low return temperature 90 15 

3rd Generation of distribution technology  
with medium return temperature 80 45 

3rd Generation of distribution technology  
with low return temperature 80 30 

3rd Generation of distribution technology  
with ultra-low return temperature 80 15 

 341 

 342 
4. Results and discussion  343 

4.1 Energy conversion in CCPP under different heat loads 344 

Power productions for two temperature control strategies in the DH system are shown in 345 

Fig. 6. The shortcut “const” shows values for constant temperature control, while “comp” shows 346 

values for outdoor temperature compensated control.  347 
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 348 

Fig. 6 Power production in the CCPP, for different control strategies and return  349 

temperatures in the DH system 350 

In Fig. 6 it can be seen that the difference in power production of the CCPP, due to 351 

changes in control strategies with different supply and return temperatures, was not significant. 352 

Therefore, due to the enormous computational time needed for CCPP simulation over the entire 353 

year under two control strategies and at different temperature levels, the authors decided to focus 354 

only on the most relevant control option. For this reason, in order to identify the difference in the 355 

CCPP power production, the relative deviations between obtained results were calculated as: 356 
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∆𝑃 =
1
𝑛
∙�

�𝑃𝑐𝑐𝑐𝑐,𝑖 − 𝑃𝑐𝑐𝑐𝑐𝑐,𝑖�
𝑃𝑐𝑐𝑐𝑐𝑐,𝑖

𝑛

𝑖=1

 (6) 

where 𝑷𝒄𝒄𝒄𝒄𝒄,𝒊 and 𝑷𝒄𝒄𝒄𝒄,𝒊 are the values of power production in the CCPP  with constant 357 

temperature control and outdoor temperature compensation strategies at time step 𝒊 . 𝒏 is the 358 

number of operation hours of the CCPP.  359 

Fig. 7 represents the relative deviation between the power productions in the CCPP for 360 

two different control strategies, with respect to the constant control strategy. 361 

 362 

Fig. 7 Average deviation between two data sets 363 

The difference between power productions for different temperature levels in DH systems 364 

is relatively small, under 3%, as shown in Fig. 7. The smallest deviation occurred in the 365 

temperature range of 80°C – 30°C, while the largest in 100°C – 45°C. 366 
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Due to different control strategies applied in the DH system, the annual amount of 367 

generated electricity in the CCPP also differs. Fig. 8 presents the annual power production for 368 

two strategies and different temperatures. 369 

 370 

Fig. 8 Comparison of yearly power production in the CCPP for different supply and return 371 

temperatures and two control strategies in the DH system  372 

Due to different control strategies, the yearly difference for the temperature range of 80°C 373 

– 30°C was 1.35 GWh and for 100°C – 45°C this value was 4.31 GWh of produced electricity. 374 

For constant temperature control, the power production increases with the increase in 375 

supply temperature in the DH system for the same return temperature, while for temperature 376 

compensated control, the power production decreases with the increase in supply temperature in 377 

the DH system; see Fig. 8. Therefore, the lowest deviation between control strategies was found 378 

for the temperature level of 80°C – 30°C, while the largest was for 100°C – 45°C; see Fig. 7. 379 
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Fig. 8 reveals the fact that power production in the CCPP is sensitive to change in supply 380 

temperature in the DH system and also to the difference in change in temperature between supply 381 

and return lines. The greater the temperature difference in the DH, the more power is produced, 382 

regardless of which temperature control option is used. 383 

Due to the relatively small difference in power production in the CCPP between the two 384 

control strategies applied in the DH system, see Fig. 7 and Fig. 8, in the further analysis only the 385 

constant supply temperature strategy was analyzed. Therefore, all future results are related to the 386 

constant supply temperature strategy. 387 

In the current study three cases of heat energy use were analyzed. All analyzed cases have 388 

different characteristics, as shown in Fig. 5 and Table 2. One additional and very important 389 

characteristic used for description of heat energy use is the frequency diagram. It shows the 390 

frequency of heat load hours in the DH system throughout the operational year.  391 

The heat load frequency diagram for analyzed cases of DH load is depicted in Fig. 9. 392 

 393 

Fig. 9 Frequency of occurrence of heat load hours in DH system 394 

In Fig. 9, it can be seen that Case 1 had maximum heating hours’ frequency at 4 MW of 395 

DH load; further, with the increase in DH load, the heating hours’ frequency decreased. In Case 2 396 

the heating hours were evenly distributed throughout the load interval, while Case 3 showed a 397 
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pattern, which did not follow either Case1 or Case 2. Case 3 had maximum heating hours at 2 398 

MW of DH load, while the rest of the DH load is sporadically distributed. The information 399 

depicted in Fig. 9 was very useful and could help to explain the simulation results. 400 

Fig. 10 represents annual power production under different load profiles and temperature 401 

levels applied in the DH system. 402 

 403 

Fig. 10 Power production in the CCPP throughout the year 404 

As can be seen from Fig. 9 and Fig. 10, Case 2 has a uniform distribution of heating hours 405 

between DH load, which resulted in higher power production in comparison with Cases 1 and 3. 406 

Further, a different trend was observed for the power production for Case 3 due to a change in the 407 

temperature levels; see Fig. 10. Different amounts of generated electricity during the year for 408 

Cases 1 – 3 could be explained by the different variation of heat load in the DH system. 409 

For the supply temperature of 90°C, power production was decreased due to a decrease in 410 

the return temperature from 45°C to 15°C. However, in situations where the supply temperature 411 

was equal to 80°C and 100°C, the trend was different. For Case 3, the difference in power 412 
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production for the supply temperature of 100°C was negligible for all return temperatures, while 413 

for 80°C the highest value was obtained for a return temperature of 30°C. Further, the highest 414 

power production was obtained for the temperature level of 100°C – 15°C in Cases 1 and 2, 415 

indicating that the greatest temperature difference induced high power production. In the case of 416 

an increase in DH return temperature, the internal vapor pressure of the heat exchanger also 417 

increases. This phenomenon can cause steam pressure ascension, and the high steam energy is 418 

used for more heat output [52].   419 

Fig. 11 shows heat efficiency in the analyzed CCPP depending on frequency of heat load 420 

hours in the DH system. Fig. 11 shows minimum, maximum, and mean values of heat efficiency 421 

for the analyzed scenarios. 422 

 423 

Fig. 11 Heat efficiency in the CCPP 424 

Despite the fact that, in Case 3 there is the highest number of hours (2840) with the heat 425 

load of 2 MW, see Fig. 9, the heat efficiency of the CCPP is quite low. The highest heat 426 
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efficiency is found for the maximum heat load of 14 MW for all cases. The higher the DH load, 427 

the higher the plant capacity utilization and heat efficiency. 428 

4.2 CCPP performance under different load and temperature levels 429 

Fig. 12 presents average system performance characteristics for the analyzed CCPP, such 430 

as power efficiency, heat efficiency, and energy efficiency. 431 

 432 

Fig. 12 Average heat, power, and energy efficiencies 433 

Fig. 12 reveals that the results of average efficiencies in the CCPP varied among cases 434 

due to different load distribution. The calculated efficiencies were highly dependent on the DH 435 

heat load distribution. Fig. 12 shows that uniform distribution of heat load resulted in better plant 436 

operation throughout the year. The average heat efficiency for Case 2 is higher than for Cases 1 437 

and 3. However, for different levels of supply and return temperatures, for all cases the change in 438 
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power efficiency and energy efficiencies was in the range of 1 – 2%, which is quite small. The 439 

maximum average energy efficiency was in the range of 57 – 65% for all cases. The obtained 440 

operation values were rather different from the design conditions; see Fig. 3 and Fig. 4. This 441 

observation indicated that plant was poorly loaded by the DH system throughout the year. This 442 

information should be considered while running the CCPP with the DH system.  443 

Fig. 13 shows the change in power efficiency and DH load for Case 2 due to different heat 444 

load and different supply and return temperatures. Further, variations in the energy efficiencies 445 

are also shown. The figure shows minimum, mean, and maximum values obtained during 446 

simulations for corresponding heat loads. 447 

 448 

Fig. 13 Power efficiency for Case 2 449 
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Recalling Fig. 9, for Case 2, the highest number of heating hours occurred for the load 450 

equal to 5 MW, corresponding to 664 hours during the operation year, while the minimum of 451 

heating hours occurred at 13 MW (146 hours). The mean power efficiency for the DH load of 13 452 

MW was equal to 0.44. This value was the same for all analyzed temperature levels. For the 5 453 

MW of DH load, the mean power efficiency was in the range of 0.47 to 0.49, depending on 454 

temperature level used in the DH system. The diagram shows that power efficiency was sensitive 455 

to temperature difference in the DH system: the higher the temperature difference the higher the 456 

power efficiency. 457 

 Fig. 14 shows the distribution of the energy efficiency throughout the analyzed DH load 458 

interval for Case 2. 459 
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 460 

Fig. 14 Energy efficiency of the CCPP for Case 2  461 

For the DH load of 5 MW, the energy efficiency was 0.60 – 0.61. Meanwhile, for the 13-462 

MW DH load, the energy efficiency showed a value of 0.77 – 0.78, depending on different 463 

temperature levels in the DH system. Fig. 14 reveals that the difference in energy efficiencies was 464 

negligible for separate DH loads and analyzed temperature levels within subplots. However, in 465 

the case of continuous hour-by-hour operation of the CCPP, the deviation in energy efficiency is 466 

in the range of 2 – 10% between minimum and maximum values. This can be explained by rapid 467 

change of DH load, which results in an immediate response in fuel input and power production 468 

within the CCPP. 469 
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Of special interest is Case 3, since it reflects one of the possible scenarios in the future 470 

when the low energy buildings will share a certain part of the building stock. Low heating energy 471 

use makes such buildings unattractive for supply by large heat production units. This is the main 472 

drawback that heat production units must be capable of overcoming. Fig. 15 represents power 473 

efficiency for Case 3. 474 

 475 

Fig. 15 Power efficiency for Case 3 476 

The power efficiency for 11 MW of DH load was 0.45 for supply temperature of 80°C 477 

and return temperatures of 30°C and 45°C, while for 15°C this value was 0.46. For supply 478 

temperatures of 90°C and 100°C and corresponding return temperatures of 45°C and 30°C, the 479 

power efficiency was 0.44, while for 15°C this value was 0.45. The analysis showed the value of 480 
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power efficiency equal to 0.5 for 2 MW of DH load, with supply temperatures of 100°C and 481 

90°C and return of 45°C. For the same level of supply temperatures and for 30°C and 15°C of 482 

return temperatures, the power efficiency increased by 2%. This indicated that temperature 483 

difference had a positive influence on power production within the STC. For a supply 484 

temperature of 80°C, the maximum power efficiencies of 0.5 were obtained for return 485 

temperatures of 30°C and 15°C. For 45°C, the power efficiency decreased by 2% and constituted 486 

0.49; see Fig. 15. Further, Fig. 16 presents results on energy efficiency for Case 3. 487 

 488 

Fig. 16 Energy efficiency for Case 3  489 

The deviations between mean values of energy efficiencies in analyzed DH load range 490 

were higher in comparison with Case 2, with respect to temperature levels in the DH system. For 491 
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11 MW of DH load and supply temperature of 100°C, the change in return temperature from 492 

45°C to 30°C and then 15°C, resulted in 0.70, 0.72 and 0.73 of energy efficiency. For a supply 493 

temperature of 90°C, these values were in the range of 0.75 – 0.77. However, for 2 MW of the 494 

DH load and supply temperature of 100°C, the energy efficiency was equal to 0.55 for all return 495 

temperatures. For a supply temperature of 90°C, results showed a value of 0.55 for return 496 

temperatures of 45°C and 30°C and 0.56 for 15°C. For a supply temperature of 80°C and a return 497 

of 45°C, the energy efficiency was 0.54, while for 30°C and 15°C it increased and constituted 498 

0.56; see Fig. 16.  499 

The difference in mean values of power efficiency and energy efficiency between cases 500 

was not very large. This can be seen from Fig. 13, Fig. 14, Fig. 15, and Fig. 16. The deviation 501 

between minimum and maximum values of efficiencies varied from 2% to 10% depending on 502 

heat load rate. Meanwhile, the CCPP is sensitive to change in the DH load, especially if a long 503 

operation period is considered. The main conclusion that can be drawn is that it is beneficial to 504 

have a high heat load, while running the CCPP.   505 

The values found in Fig. 13, Fig. 14, Fig. 15, and Fig. 16 are different in comparison with 506 

Fig. 3 and Fig. 4. One of the reasons is that design values were given at the maximum DH load 507 

and fixed reference point. In reality, it is quite complicated to run a CCPP based on full DH load 508 

due to variable heat load characteristics and high seasonal variations. Further, different elevations 509 

above sea level, ambient temperature and air pressure cause adjustments to plant operation. 510 

4.3 Fuel use 511 

 Finally, Fig. 17 represents the fuel input within the analyzed CCPP. 512 
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 513 

Fig. 17 Amount of fuel input in the CCPP 514 

It can be seen that the reduction in return temperature shows a negative tendency in terms 515 

of fuel use. Cases 1 and 2 showed a gradual reduction in fuel input when the return temperatures 516 

increased. With the increase of temperature difference in the DH system, the fuel use increased; 517 

see Fig. 17. This happens because more energy input was required to heat up water in the DH 518 

system per 1K.  However, for Case 3, the fuel energy input did not follow uniform increase with 519 

respect to temperature level used. This could be explained by rapid change in the DH load in the 520 

CCPP. Further, the load factor given in Equation (7) shows plant capacity utilization in terms of 521 

heating energy production. The load factor is the ratio of average load to the maximum load in 522 

the supply system [53].  523 
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Load factor =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑙𝑙𝑙𝑙
𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑙𝑙

=
𝐸𝐸𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑 𝑎 𝑝𝑝𝑝𝑝𝑝𝑝
𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑡𝑡𝑚𝑚

  (7) 

Table 4 gives the values of the load factor for the analyzed cases. 524 

Table 4 Heat load factor for analyzed cases 525 

 Heat load factor (-) 

Case 1 0.32 

Case 2 0.45 

Case 3 0.23 

 526 

From Table 4 it can be seen that the load factor for Case 3 is the lowest. This indicates 527 

that the plant operates sporadically following the heat load during an operation year. The higher 528 

the load factor the cheaper the heat energy for the customer. In reality, it is very difficult to 529 

achieve a high load factor due to variable load characteristics from year to year. 530 

The analysis of different temperature levels applied in the DH system indicated that the 531 

energy efficiency had negligible variation due to temperature levels in the DH system when 532 

running the CCPP. The reason for this is the high power production that takes place in the GTC. 533 

The analysis found that heat load distribution plays a crucial role in plant performance operation. 534 

Low heat load distribution leads to poor overall plant performance indicators. This gives 535 

incentives to run the plant for power production only. For this reason, when there is a need to 536 

select the DH supply and return temperatures for higher electricity production, the most effective 537 

method is to choose lower DH supply and return temperatures. Nevertheless, if we cannot change 538 

both of them, lowering the supply temperature is of more benefit [52]. 539 

Based on this study, it was concluded that it was rather difficult to operate a CCPP 540 

connected to low-energy building stock. Such buildings should be supplied from low temperature 541 

energy sources specially designed for this purpose. However, when high-grade heat is required, 542 
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the CCPP can be used to produce additional heating energy. This means that the CCPP is suitable 543 

for high-density heat areas, while it operates poorly in low heat density areas. For future building 544 

stock, it means that the CCPP could be successfully implemented if the areas were grouped at one 545 

place, rather than spread over a large area. 546 

The information depicted within the different plots in this study could be used as a tool for 547 

plant behavior prediction if the further reduction of supply temperature in the DH network is 548 

considered. 549 

5. Conclusion 550 

In this paper, the performance of the ethanol-based CHP with CCPP technology was 551 

investigated in the DH system. The focus was on different temperature levels which could occur 552 

in today’s and near-future DH systems. The two different temperature control strategies in the 553 

DH system were analyzed to estimate the effects on plant operation. Three possible scenarios of 554 

the DH load and different supply and return temperatures in the DH system were considered.  555 

The results showed that the power production in the CCPP was not influenced 556 

significantly by the supply temperature control. The change in the power production was between 557 

1.2% and 2.8%. Therefore, the focus in the study was on the constant supply temperature in the 558 

DH system. 559 

The analysis of the change in DH load showed that average heat efficiency was highest 560 

for the uniform distribution load and lowest for very non-uniform load. The average power 561 

efficiency was dependent on different temperature levels in the supply and return lines of the DH 562 

system. The results showed that the highest power efficiency was obtained for the temperature 563 

levels of 100°C – 15°C and the lowest for 80°C – 45°C, for Case 1 and Case 2. This indicated 564 

that a large temperature difference between the supply and return lines of the DH system resulted 565 
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in higher power production in the CCPP. The results found that decrease in supply temperature 566 

had a low impact on energy efficiency. However, decreasing supply temperature to the DH 567 

system can lead to an increase in the service pipeline’s lifetime, which is beneficial for the DH 568 

system. Another important conclusion is that the CCPP performance indicators are highly 569 

dependent on the heat load distribution in the DH system during the year. When DH load 570 

distribution had a uniform pattern throughout the operation year, as in Case 2, this resulted in 571 

better plant performance in comparison with Case 3. In the case of non-uniform heat load 572 

distribution, as in Case 3, plant performance was poor, indicating that the plant was poorly 573 

loaded. The results on load factor confirmed that fact, showing that in Case 2 the best possible 574 

heat load pattern for CCPP operation was obtained, while Case 3 represented the worst possible 575 

situation. However, in the current CCPP, GT technology was employed, which utilized the 576 

benefits of the low DH load by increasing power production. Analysis of all the CCPP 577 

performance indicators versus the DH load showed negligible variation for all the temperature 578 

levels applied in the DH system. The difference was in the range of 2 – 3% between cases. The 579 

change in the overall fuel energy input showed that fuel use increases with increase in 580 

temperature difference between supply and return lines in the DH system. 581 

The results obtained in this study point out an inevitable decrease in plant profitability 582 

while operating the CCPP under low and non-uniform heat demand profiles. This observation 583 

provides incentives to shut down the heat supply to DH systems and run CCPP at full load, 584 

producing as much electricity as possible. Low energy building stock should be connected to 585 

specially designed low-grade temperature sources under a prepared infrastructure. However, 586 

CCPP could be used if low energy buildings were located close to each other to increase the heat 587 

density. The CCPP could also be used during the peak energy demand. This will have a positive 588 
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result on plant operation, since the CCPP will operate on its maximum heat load output, 589 

increasing its performance indicators.  590 

The results obtained in this study can be used by designers of CHP systems, operators of 591 

DH systems, and legislators. 592 
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