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Abstract

In this paper, a two-step design optimization framework is developed for four low-temperature

geothermal combined heat-and-power plant configurations. The economic comparison, including

off-design performance, has not been done before. The optimization tool is applied for an existing

district heating system and for geothermal and meteorological conditions which are based on the

Belgian situation. It is concluded that a combined heat-and-power plant results in an economically

profitable project (net present value of 3.46MEUR), whereas the stand-alone electrical power plant

does not (net present value of -3.65MEUR). Furthermore, the design for the series set-up is optimal,

and the best connections during operation are the series and parallel connections for low and high

heat demands, respectively. Also, a less detailed (high-level) control optimization model is developed

for this series set-up, based on the part-load operating maps which are calculated from the detailed

two-step optimization model results. The calculation time is much faster (∼milliseconds) and the

errors on the total revenues are smaller than 0.1%. The goal of this high-level model is to optimize

the amounts of heat and electricity to produce, so that the plant can be used as a flexibility tool in

energy markets driven by price signals for heat and electricity.

Keywords: design optimization, CHP, geothermal energy, off-design performance, ORC,

thermoeconomics
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1. Introduction1

There is large potential for geothermal energy utilization around the world. However for non-2

volcanic regions, like NW Europe, stand-alone electrical power production from deep-geothermal3

energy sources is mostly not economically attractive due to the high drilling costs (caused by4

low geothermal gradients) and the low production temperatures [1]. Therefore, the potential for5

geothermal combined heat-and-power (CHP) plants in NW Europe will be investigated in this6

study. The idea is to improve the economics of a geothermal plant by getting revenues from selling7

heat next to electricity.8

1.1. Existing literature9

Geothermal CHP plants have already been studied in the literature . Heberle et al. [2] have studied10

the series and parallel connections of heat and electricity production via an organic Rankine cycle11

(ORC) based on a second law analysis. Different values for the geothermal source temperature (90-12

180◦C), the supply temperature of the heating system (60-90◦C) and heat demands (3.5-10.5MWth)13

were assumed. The authors concluded that a CHP plant has higher efficiency than electrical power14

production only, and that the series configuration is the most efficient concept for the investigated15

conditions. However the authors did not consider off-design operation; they indicated that the par-16

allel circuit has some technical advantages regarding part-load behavior of the ORC. Habka et al.17

[3] have studied the series , the parallel and the so-called Glewe and four additional configurations18

(called HB1 to HB4 ) for a geothermal CHP plant. The heat source considered had a temperature19

of 100◦C and a flow rate of 1kg/s. Supply and return temperatures of the district heating system20

around 75◦C and 50◦C and a heat production of 110-170kW were considered. They concluded that21

a higher heat demand leads to lower electricity production but better energy source utilization,22

that the electrical power output of the parallel set-up is not affected by the heating system supply23

temperature and that the Glewe set-up does not give better performance than the series configura-24

tion. Furthermore, the authors indicated the HB4 set-up as a potential state-of-the-art CHP plant25

configuration for low-temperature geothermal energy sources. A high electricity production can26

be reached (up to 88% of the stand-alone electrical power plant), and the set-up is still relatively27

simple. However, the results were based on thermodynamics, so neither economics nor off-design28

behavior were included.29
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Also different CHP configurations have been studied for higher source temperatures . Fiaschi et30

al. [4] have investigated the so-called Cross-Parallel CHP set-up for medium-temperature geother-31

mal energy sources (130-170◦C). Industrial heat production (with temperatures of 80-140◦C) was32

targeted and the net electrical power output was maximized for a given heat demand. For the con-33

sidered conditions, the Cross-Parallel set-up shows up to 55% higher net electrical power output34

than the normal parallel configuration. The authors suggested to use this CHP configuration in35

regions where district heating is not needed and where industrial heat (at higher temperatures)36

could be used. Wieland et al. [5] have proposed a novel CHP configuration and they have com-37

pared it with the conventional series, parallel and condensation concepts (and their combinations) in38

terms of flexibility and energy source utilization. The novel CHP set-up is a two-stage recuperated39

ORC where heat of turbine bleeding is fed to a district heating (DH) system. Source tempera-40

tures of 240◦C and 340◦C were considered which represent internal combustion engine waste heat41

and biomass, respectively. The DH system supply and return temperatures were 80◦C and 50◦C,42

respectively. The authors concluded that the proposed novel configuration is flexible, has a large43

cover ratio and has high electrical efficiency for the considered source temperatures. However, the44

off-design performance was based on fixed UA-values of the heat exchangers, which is a strong45

assumption. Oyewunmi et al. [6] have studied different working fluid mixtures for application46

in an ORC in which the condenser heat is used for heat purposes (with supply temperatures of47

30-90◦C). Industrial waste heat was considered with temperatures of 150-330◦C. Based on ther-48

modynamic optimization results, they found that single-component working fluids are optimal for49

lower-temperature heat demands and that the best exergy efficiency of 63% is achieved for the heat50

source temperature of 330◦C, delivering water at 90◦C and adopting a mixture of 70% n-octane51

and 30% n-pentane as a working fluid. Besides, the authors concluded that electricity and heat52

exergy production are competing objectives.53

The aforementioned studies are purely thermodynamic and do not include cost estimations. How-54

ever, the results for a thermodynamic and a thermoeconomic optimization are significantly different55

[7], and investors' decisions are based on economics rather than thermodynamics. Furthermore, it56

is very important to account for off-design performance. As shown by Usman et al. [8], the environ-57

ment conditions have significant effect on the power output of a geothermal plant. They designed58

a geothermal power plant for four different locations and they compared the use of a wet cooling59

tower with an air-cooled condenser. The design of the cycle was based on the maximal electrical60
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power production in summer time. Furthermore, the cooling system was controlled during oper-61

ation in order to get the highest electricity production for varying environment conditions. The62

authors designed the components in such a way that the ORC could benefit from higher pressure63

ratios (hence higher electrical power production) in winter, without over-sizing the system. They64

recommend a wet cooling tower for hot climates and a dry-cooling system for mild climates (like65

NW Europe). Also Hu et al. [9] have made an off-design analysis of a geothermal ORC, with a66

source temperature and flow rate of 90◦C and 10kg/s. Those authors optimized the thermodynamic67

cycle towards maximal net electrical power production, and the turbine and heat exchangers were68

designed based on the optimal thermodynamic conditions. During off-design, the geothermal fluid69

mass flow rate, evaporator pressure and coolant flow rate were controlled. Furthermore, Astolfi et70

al. [10] have made an off-design thermoeconomic optimization for a low-temperature geothermal71

ORC (120◦C, 120kg/s) in desert climate and for high electricity prices. They studied the novel72

LU-VE Emeritus cooling system which is a dry cooling system with water sprays and adiabatic73

panels, and they optimized the condenser temperature and the number of cooling modules. They74

compared the novel system with a standard dry-cooler and concluded that for environment tem-75

peratures from 15-37◦C, the use of adiabatic panels leads to lower condenser temperatures, higher76

electricity productions, lower auxiliary power consumption by the fans and higher cash flows but77

also higher costs for water consumption. For environment temperatures above 37◦C, the water78

spray system enhances the benefits even more (a threshold of 500 hours of spray operation mode79

was assumed). Below 15◦C, the water costs are higher than the incomes from selling more electric-80

ity and the dry-cooler performs better. Part-load operation might also be caused by geothermal81

heat source degradation. Budisulistyo et al. [11] have considered the design of a geothermal power82

plant in New Zealand, taking into account the heat source degradation over its lifetime (starting83

from 131◦C and 200kg/s). They performed a design optimization towards maximal electricity pro-84

duction for the heat source at years 1, 7, 15 and 30 of operation. Then, the performance during the85

entire plant's lifetime was simulated. The NPV is the highest for the design based on the energy86

source conditions of year 7.87

Furthermore, two works have suggested a two-step optimization where off-design operation is al-88

ready considered in the design stage. Lecompte et al. [12] have studied an ORC fed by waste heat89

from an internal combustion engine. First, the ORC was designed for different combinations of heat90

content of the heat source and environment temperature values. The specific investment cost (SIC)91
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was considered as the optimization objective. Then, the off-design optimization was done for every92

ORC design towards maximal electricity production, based on hourly data. The part-load operation93

was caused by the fluctuating heat source and varying environment conditions. Finally, the real94

SIC including off-design behavior was calculated and the best design parameters for the heat source95

heat content and the environment temperature could be defined. Those authors concluded that96

the SIC value with and without taking part-load operation into account can differ significantly, up97

to 26%. Martelli, Capra and Consonni [13] have studied a biomass-fired CHP plant in which the98

ORC condenser heat is used to satisfy the heat demand. In the first step, the cycle conditions, heat99

transfer areas and turbine design variables were optimized towards maximum annual profits. Then,100

the part-load operation was optimized and the real annual profits were calculated. This info was101

returned back to the design solver. Those authors concluded that taking the off-design behavior102

into account in the design stage may lead to 22% higher annual profits, and that the optimal ORC103

is slightly undersized.104

1.2. Contribution of this work105

In this work, a similar two-step optimization framework is developed for the optimal design of106

four CHP plant configurations fueled by low-temperature geothermal energy in NW Europe. The107

proposed two-step thermoeconomic optimization framework allows finding the best suited binary108

geothermal CHP plant design, taking into account the optimal configuration during operation109

(which might be a CHP configuration which is different from the configuration for which the CHP110

plant was designed) and its off-design performance. Heat is delivered to a DH system and electricity111

is produced via an ORC. Figure 1 gives a schematic outline of the four investigated CHP configura-112

tions: the series (S), the parallel (P), the preheat-parallel (PP) [14] and the HB4 [3] set-up.113

The CHP configurations have already been thermodynamically investigated in [15], and the opti-114

mal design has been calculated for several types of heat demands in [14]. However, always a fixed115

heat demand and fixed operating conditions were considered. In this work, the off-design opti-116

mization models are developed and the optimal CHP design will be indicated for the connection117

to a DH system with a strongly fluctuating heat demand (and varying operating temperatures)118

and accounting for the varying environment conditions. The part-load performance as well as a119

change of connections during off-design are considered, which is novel compared to the existing120
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(a) Series (S) (b) Parallel (P)

(c) Preheat-parallel (PP) (d) HB4

Figure 1: CHP plant configurations with indication of the nomenclature [3, 14]. The full lines indicate the path of

the brine (geothermal water) and the dashed lines indicated the path of the district heating system water.

literature.121

Additional novelties are that detailed thermodynamic correlations are used for the heat transfer122

coefficient and friction factor calculations, also in the off-design models. This is in contrast to123

fixed pressure drop and fixed UA assumptions for the heat exchangers, or simplified correlations124

based on a power law of the mass flow rate ratio. Furthermore, hourly data for the environment125

conditions and for the heat profile are used, which are more accurate than monthly-averaged or126

constant values. And finally, up to the authors' knowledge, none of the papers in which the design127

optimization of a CHP plant is discussed also considers real (hourly) off-design control. This is128

probably because the used models are too detailed and too slow (∼minutes/hours) to be able to129

do this control optimization in a reasonable amount of time. Therefore, in this work, an additional130

high-level optimization model is developed based on part-load operation maps which are derived131

from the detailed thermoeconomic optimization results. This high-level control model is able to132

calculate the optimal amount of electricity and heat production of a certain CHP plant depending133

on the price signals for heat and electricity. It is very fast (∼milliseconds) and can be used for134

real-time control of an installed CHP plant.135
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2. Methods136

In this section, first the investigated CHP plant configurations are presented, the reference param-137

eters are given and the performance indicators are defined. Then, the detailed two-step thermoe-138

conomic optimization framework is presented. Lastly, the high-level control optimization model is139

proposed.140

2.1. Combined heat-and-power plant configurations141

The four considered CHP plant configurations have already been given in Figure 1. In every CHP,142

electricity is produced via an ORC, for which a schematic outline is given in Figure 2. A recuperated143

ORC is presented in the figure, although also a standard ORC is considered. The working fluid144

is subsequently heated in the recuperator (RECUP : state 2 → 3), the economizer (ECO : state 3145

→ 4, saturated liquid), the evaporator (EVAP : state 4 → 5, saturated vapor) and the superheater146

(SUP : state 5 → 6). The slightly superheated vapor at the turbine inlet ensures a proper turbine147

operation. The vapor expands over the turbine (state 6 → 7), which is connected to a generator148

to produce electricity. Since the working fluid is a superheated vapor at the turbine outlet (state149

7), part of the heat can be recuperated (state 7 → 8). Then, the working fluid is condensed to150

the saturated liquid state (state 1) and finally it is pumped to a higher pressure (state 2) to close151

the cycle. This thermodynamic cycle is continuously repeated. For the standard ORC (without152

recuperator), state 2 = state 3 and state 7 = state 8. The T-s diagram of Figure 2 shows the153

thermodynamic cycle of the working fluid for the standard cycle (in blue full lines) and for the154

recuperated ORC (in green dashed lines).1155

2.2. Reference parameter values156

The design parameters are summarized in Table 1. The brine conditions (the brine temperature and157

pressure at the production state Tb,prod & pb,prod, the brine mass flow rate ṁb, the investments for158

the well drillings Iwells and the well pumps power Ṗwells) are based on the test parameters for the159

Balmatt geological site (Mol, Belgium) [16]. Furthermore, the brine is modeled as pure water. The160

1The T-s diagrams result from the thermoeconomic design optimization tool for a standard and a recuperated

stand-alone electrical power plant.
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Figure 2: Left: Schematic outline of the recuperated organic Rankine cycle (ORC). Right: T-s diagram for the

standard (blue full lines) and the recuperated ORC (green dashed lines).

economic conditions comprise the electricity price (pel) [17] and the yearly electricity price increase161

(del) [18], the heat price (pheat) [19], the discount rate (dr) [20], the lifetime (L) and the availability162

(N) of the plant [21]. Besides, some assumptions are made regarding the thermodynamic cycle: for163

the isentropic pump efficiency (ηp) [22], the generator and motor mechanical-to-electrical efficiencies164

(ηg and ηm) [23], the fan efficiency (ηf ) [24], the minimum temperature difference over the heat165

exchangers (∆Tmin) and the minimum degree of superheating (∆Tmin
sup ). Although ∆Tmin = 1◦C166

in the design model (superscript D), ∆Tmin = 0.75◦C in the off-design model (superscript O)167

to allow proper cycle convergence. The environment conditions and DH system parameters have168

been measured on-site [25]. On the left-hand side of Figure 3, the environment temperature (black169

dashdotted line) and the heat demand (red line) are shown. The available data start on January 1st170

2016 7 o’clock and run until January 1st 2017 6 o’clock. The design of the CHP plants is based on171

the average value for the heat demand (Q̇av
DH) and the average environment conditions (temperature172

T av
env and pressure pavenv). The corresponding supply and return temperatures (Tsupply and Treturn)173

are considered, which are linearly dependent on the environment temperature. The dependencies174

for Tsupply (red full line) and Treturn (blue dashed line) are shown on the right-hand side of Figure175

3. The pressure of the water in the DH system (pDH) depends on the length and height differences,176
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Brine & wells [16] Economic [17–21] Cycle [22–24] Environment [25] DH system [25]

Tb,prod = 130◦C pel = 60EUR/MWh ηp = 80% T av
env = 12.15◦C Q̇av

DH = 2.76MWth

pb,prod = 40bar del = 1.25%/year ηg = 98% pavenv = 1.01bar Tsupply = 70.61◦C

ṁb = 150kg/s pheat = 25EUR/MWh ηm = 98% Treturn = 63.74◦C

Iwells = 15MEUR dr = 5% ηf = 60% 2 pavDH = 7bar

Ṗwells = 500kWe L = 30years ∆TD
min = 1◦C

N = 90% ∆TO
min = 0.75◦C

∆Tmin
sup = 1◦C

Table 1: Reference parameter values [16–25].

Figure 3: Left: District heating system heat demand (Q̇DH , red full line) and environment temperature (Tenv , black

dashdotted line) for the representative year [25]. Right: Supply (Tsupply , red full line) and return (Treturn, blue

dashed line) temperatures of the district heating system as a function of the environment temperature.

and can be estimated at 7 bar. 2016 is considered as the reference year throughout the paper for177

all parameter values and economic calculations.178

Isobutane (R600a) [26] is chosen as the ORC working fluid because of its low environmental im-179

pact [27], high electrical power output and the low cost of hydrocarbons [28]. Table 2 shows the180

thermodynamic and environmental properties. The molecular weight (MW ) and the critical tem-181

perature and pressure (Tcrit and pcrit) are the most important thermodynamic properties, and the182

2ηf = 60% is the total fan efficiency, which includes the isentropic and mechanical-to-electrical conversion effi-

ciency.
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ozone depletion potential (ODP ), the global warming potential over a time horizon of 100 years183

(GWP100) and the atmospheric lifetime (atm. life) represent the environmental properties.184

MW [g/mole] Tcrit [◦C] pcrit [MPa] ODP GWP100 atm. life [years]

R600a 58.12 134.7 3.63 0 20 0.02

Table 2: Thermodynamic and environmental properties of isobutane (R600a) [27].

2.3. Performance indicators185

The net present value (NPV) is the most important economic performance indicator and is defined186

as:187

NPV = −Iwells−IORC−IDH+
L−1∑

i=0

(
Ṗnetpel(1 + del)

i + Q̇CHP pheat

)
N8760− 0.025 (IORC + IDH)

(1 + dr)i

(1)

Herein, a yearly maintenance cost of 2.5% of the equipment investment costs is assumed [29]. IORC188

and IDH are the overnight installation costs for the ORC and the DH system heat exchanger(s),189

respectively. Ṗnet and Q̇CHP are the net electrical power output and the heat production of the190

CHP plant.191

Also the levelized cost of electricity (LCOE) is considered as an economic metric and is defined as:192

193

LCOE =
Iwells + IORC + IDH +

∑L−1
i=0

[0.025(IORC+IDH)−Q̇CHP pheat8760N]
(1+dr)i

∑L−1
i=0

Ṗnet(1+del)i8760N
(1+dr)i

(2)

In this definition, the revenues from selling heat are included.194

Next to the economic performance indicators, also some thermodynamic indicators are included.195

The net electrical power output is the electrical turbine power minus the ORC pump power, the196

fan power of the cooling system and the well pumps power:197

Ṗnet = Ṗt − Ṗp − Ṗf − Ṗwells (3)

In the considered convention, all powers are positive. The electrical turbine and pump powers are:198

199

Ṗt = ṁwfwtηg and Ṗp =
ṁwfwp

ηm
(4)
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with ṁwf the working fluid mass flow rate, wt = h6 − h7 and wp = h2 − h1. The electrical fan200

power is:201

Ṗf =
V̇air∆pair

ηf
(5)

with V̇air the air volume flow rate and ∆pair the air pressure drop.202

The specific work is a property of the ORC, and is based on the mechanical work of the ORC203

turbine and pump:204

w = wt − wp (6)

The ORC cycle energy efficiency is defined as:205

ηen =
wt − wp

qEES
(7)

with qEES the specific heat added to the ORC. And finally, the exergetic plant efficiency is the206

ratio of the flow exergy content of the produced electricity and heat (accounting for the amount207

of energy and its usefulness/temperature level) and the total exergy content of the brine at the208

production state:209

ηex =
Ṗnet + ĖxDH

ṁbexb,prod
(8)

The specific exergy ex = (h− henv)−Tenv (s− senv) is a state property. In this definition of ηex, the210

flow exergy which is still available at the injection state of the brine is considered as a loss.211

2.4. Detailed thermoeconomic optimization framework212

The detailed thermoeconomic optimization framework for the CHP plants is based on the two-213

step optimization framework which has already been developed by the authors for a stand-alone214

electrical power plant [7]. However, the framework has been extended for heat delivery and off-design215

modeling (caused by fluctuating heat demand/temperatures and varying environment conditions)216

for the four investigated CHP types. All optimization models are implemented in Python [30], and217

the CasADi optimization framework [31] with IpOpt non-linear solver [32] is used. Fluid properties218

are called from the REFPROP 8.0 database [33].219
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2.4.1. Components and thermoeconomic models220

TEMA E shell-and-tube heat exchangers are considered with the brine flowing in the tubes or the221

liquid working fluid in the tubes for the recuperator. The economizer, evaporator and superheater222

of Figure 2 (called EES further on) are considered to have the same geometry, which eases off-223

design operation. Furthermore, a multi-stage centrifugal pump, a single-stage axial turbine and224

an A-framed air-cooled condenser (called ACC further on) with corrugated fins are assumed. Air-225

cooling is considered since no cooling water has to be available and since it is the approprate cooling226

system in mild climates (like NW Europe) [8]. The same models for the geometrical, heat transfer,227

pressure drop and turbine efficiency calculations are used as in [7].228

The bare equipment cost method is used for the cost calculations. Correction factors for high229

temperatures (> 100◦C), high pressures (> 7bar) and the need for stainless steel in the heat230

exchangers: fT = 1.6, fp = 1.5 and fM = 1.7 are considered [34]. Furthermore, an installation231

factor of fI = 0.6 is assumed [35]. The equipment cost C thus becomes:232

C = CBE (fT fp fM + fI) (9)

with CBE the bare equipment cost which is based on the heat transfer area. For the turbine, the233

pumps and fans, the bare equipment cost is based on the power. The costs are converted to 2016-234

based values via the chemical engineering index and a conversion factor of EUR− to−USD = 1.2235

is assumed.236

2.4.2. Design optimization model237

In the first step of the detailed two-step thermoeconomic optimization framework, the geometry of238

the heat exchangers (shell inner diameter Dshell, tube outer diameter Dtube, tube pitch ptube, baffle239

cut length Bc and length between the baffles Lbc) and of the air-cooled condenser (fin spacing Sfin,240

fin height Hfin and number of tubes ntube) are optimized together with the operating conditions241

in the design point. The NPV is considered as the objective. Note that up to four heat exchangers242

(EES, RECUP, DH system and DH system 2 ) might be present, depending on the configuration243

(see Figure 1). The design optimization model has been proposed in a previous paper by the authors244

[14].245
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2.4.3. Off-design optimization model246

The actual performance during operation is calculated for the CHP plant design from the design

optimization step of Section 2.4.2. The objective is to maximize the net electricity production while

satisfying the heat demand of the DH system. So next to the varying environment conditions,

also the fluctuating heat demand and operating temperatures of the DH system cause off-design

operation of the CHP plant. The off-design optimization model thus becomes:

max. Ṗnet

s.t. ∆Tmin
sup ≤ T6 − T4 ≤ Tupper − Tenv

10◦C ≤ T4 − T1 ≤ 2 (Tupper − Tenv)

Tmin
b,inj ≤ Tb,inj ≤ Tb,prod

∆Tmin ≤ ∆Tpinch

ṁO
wf

ρO6 c
O
6

=
ṁD

wf

ρD6 c
D
6

Q̇CHP = Q̇DH

AO
EES = AD

EES

AO
RECUP = AD

RECUP

LO
ACC = LD

ACC

AO
DHsystem = AD

DHsystem

AO
DHsystem2 = AD

DHsystem2

AO
ECO,HB4 = AD

ECO,HB4

The design variables (related to the design of the heat exchangers and the air-cooled condenser)247

have been fixed in the design optimization step, so only operating variables remain in the off-design248

optimization model. The first four constraints are set to allow a proper cycle calculation. The249

symbols follow the same nomenclature as in Figures 1 and 2. Tupper indicates the upper limit for250

the temperature by REFPROP. The fifth constraint presents single-stage axial turbine operation251

for choked flow, with ρ and c the density and the speed of sound, respectively.3 Furthermore, in252

3More details on the off-design turbine modeling can be found in [7], in which a similar two-step thermoeconomic
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this work, the heat delivery has priority and the heat demand should always be satisfied by the253

CHP plant. Since the design is fixed in the design step of the optimization framework, the length254

of the condenser and the heat transfer areas of the different heat exchangers are fixed. For the HB4255

configuration, the economizer heat transfer area is also fixed since the brine flow rate is split before256

this heat exchanger. So, the physical length of the economizer stays the same. This is in contrast to257

the other configurations, which allow the point of evaporation to change along the physical length258

of EES during off-design.259

Concerning the verification of the obtained results, it is believed that the optimization results are260

trustworthy. There are no experimental results available to the authors. Nevertheless, the con-261

sidered thermoeconomic optimization models are an extension of the thermodynamic optimization262

models which were developed for a stand-alone electrical power plant and for the four investigated263

CHP plant configurations of Figure 1. The results of the thermodynamic optimization models have264

been verified against results in the literature in previous works [36, 37]. The correlations for the265

heat transfer, pressure drop and turbine modeling are commonly used in the field of ORC modeling266

and are validated in the literature. In addition, the range of validity for each of the correlations is267

always respected.268

2.5. High-level optimization model for optimal control269

Once the CHP plant is installed, it is essential to optimize the hourly revenues depending on the270

real actual electricity and heat prices. Alternatively, the operation might be steered by the heat271

demand or electricity requirements. The off-design optimization model of Section 2.4.3 is able to272

do this, but it is very slow because of the high level of detail. It would therefore take too long to273

use this model for hourly control purposes. To overcome this, part-load maps are derived from the274

detailed off-design model results and are used in a high-level control optimization model. This high-275

level model is much faster and can be used for control purposes for a certain installed CHP plant276

installation. The goal is to calculate the optimal amounts of heat and electricity to produce for277

real price signals and depending on the environment conditions. Note that this high-level model is278

case-specific since it is derived from the detailed thermoeconomic optimization results for a certain279

optimization framework has been presented for a stand-alone binary geothermal power plant.
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CHP plant installation.280

The objective is to maximize the revenues (R) during a period of time (the time step is one hour

in this paper since hourly data are used). The environment temperature, electricity price and heat

price are input parameters to the optimization model. The model is based on the higher-mentioned

part-load maps, and the maximal heat which can be produced by the CHP plants depends on the

environment conditions: Q̇max
CHP = f(Tenv). The share of this maximal heat production (xheat)

for a given environment temperature is the only variable and is allowed to vary between 0 and 1.

Furthermore, a constraint can be set for the maximal heat delivery (e.g., DH system heat demand)

or for the minimal electrical power generation (e.g., to satisfy own power requirements). The

high-level control optimization problem can be written as:

max. R(xheat)

s.t. Q̇max
CHP or Ṗmin

net

3. Results on the detailed thermoeconomic optimization framework281

The results of the design optimization model are given first, but they do not include off-design282

performance yet. Second, the off-design performance is calculated for the stand-alone electrical283

power plant and for the four investigated CHP plant configurations. The actual performance284

indicators (including off-design behavior) are calculated and the best suited configuration can be285

indicated.286

3.1. Design optimization results287

In the design optimization step, the stand-alone electrical power plant and the four CHP configu-288

rations are optimized for the reference design parameters of Table 1. A standard and a recuperated289

ORC are considered. Since the use of a recuperator always leads to better economics and a higher290

NPV, the results are given for the recuperated ORC. Only the NPV, Ṗnet, the LCOE, IORC and291

IORC + IDH are given here, but a full analysis of the economic design results (excluding off-design292

behavior) is given in [14].293
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NPV [MEUR] Ṗnet [MWe] LCOE [EUR/MWh] IORC [MEUR] IORC + IDH [MEUR]

1. S 4.76 3.15 49.90 11.79 12.01

2. HB4 4.58 3.13 50.02 11.79 11.92

3. P 2.72 2.73 53.20 10.68 10.74

4. PP 2.58 2.70 53.50 10.54 10.69

ORC -3.79 3.20 68.07 12.09 12.09

Table 3: Design optimization results for the four CHP plant configurations (of Figure 1) for a design heat demand

of Q̇av
DH = 2.76MWth and for a stand-alone electrical power plant (ORC), all with recuperated ORC.

It is clear that, considering the design operating point only, the series set-up is the optimal CHP294

plant configuration for the investigated conditions, closely followed by the HB4 set-up. In the295

series set-up, the entire brine flow rate goes to the ORC and to the DH system heat exchanger,296

which is favorable for the small difference between the DH system supply and return temperatures297

(Tsupply − Treturn). In addition, the ORC operation is only little influenced by the DH system in298

this set-up such that the highest net electrical power generation is achieved.299

3.2. Off-design optimization results300

The off-design performance should be taken into account, since it might have a big impact on301

the economics . In this work, the off-design optimization results are based on a data reduction302

technique, which is discussed first. Then, the off-design performance for the stand-alone electrical303

power plant and for the four CHP plant configurations is presented for the respective optimal304

designs which were calculated with the design optimization model (a summary of the results was305

given in Table 3). Based on the off-design results, the actual performance indicators are calculated306

and the optimal CHP plant can be indicated. Lastly, a note on the accuracy of the data reduction307

technique is given.308

3.2.1. Data reduction based on the heat duration curve309

The main goal of the off-design optimization procedure is to find the optimal operating conditions310

which correspond to the maximal net electrical power output for a given environment temperature311

and heat demand. Instead of performing the optimization for every hour of the reference year,312
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a data reduction is performed based on the heat duration curve of the DH system. The number313

of points is reduced from 8784 (hours in 2016) to 244, so by a factor of 36. The original heat314

curve of Figure 3 has been re-ordered from high to low values to get the heat duration curve.315

Note that this heat duration curve contains no time-dependency. Every 36 consecutive points on316

this curve have been averaged to become 1 data point of the reduced curve, which will be used317

in the off-design optimization procedure to improve the calculation time. The so-called reduced318

heat duration curve is shown in Figure 4 (in red). Also, the environment temperature and supply319

and return temperatures have been averaged for 36 consecutive points. The reduced environment320

temperature curve which corresponds to the reduced heat duration curve is also shown in Figure 4321

(black dashdotted line). The CHP plant configurations are designed for the average heat demand,322

which is indicated by the gray dashed line.323

Figure 4: Reduced heat duration curve (red full line) and corresponding environment temperature profile (black

dashdotted line) for the 244 data points. The average heat demand is presented by the gray dashed line.

3.2.2. Optimal operation of the stand-alone electrical power plant324

Figure 5 shows the net electrical power production for the recuperated (black) and the standard325

(black dotted line) ORC design. The environment temperature is shown in gray and is equal to the326

black dashdotted line of Figure 4. The electricity production and the environment temperature are327

negatively correlated, which is expected. Furthermore, it is clear that the recuperated ORC has328

a higher electricity production. Also the NPV including off-design performance is higher for the329

recuperated ORC (-3.65MEUR) than for the standard cycle (-4.43MEUR), albeit both are negative,330

meaning that the stand-alone electrical power plant is not economically attractive (NPV < 0). The331
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additional heat delivery to a DH system can improve the economics, and that is discussed in the332

following sections.333

Figure 5: Net electrical power of the standard (black dotted) and the recuperated (black full line) geothermal ORC

for the considered data points of Figure 4. The corresponding environment temperature is indicated in gray.

3.2.3. Optimal operation of the combined heat-and-power plants334

Before diving into the discussion of the results, it is important to explain the operational opti-335

mization strategy of the CHP plant, based on the optimal economic design point of a particular336

configuration (parallel, series, preheat-parallel and HB4) as actually built but whereby the off-337

design operation invites the operator to switch valves so as to reconfigure the plant and e.g., to338

allow an originally designed parallel facility to operate in series mode. In the following paragraphs,339

the optimally designed facilities (parallel, series, preheat-parallel and HB4) will subsequently be340

used in off-design conditions whereby other operational configurations than the design configura-341

tion are allowed and even suggested. It is stressed again that the exercise effectuated here is of342

economic nature and differs from thermodynamic optimal off-design behavior. As an example,343

Figure 6 demonstrates the different connections for reconfiguring parallel (blue) and series (green344

dashed) operation, actually executed via automatically controlled valves (black). For each valve is345

indicated whether it is closed (c) or open (o) for the considered configuration. All piping needed is346

given in thin black dotted lines.347

Parallel design; off-design operation. The parallel CHP plant as designed in Section 3.1 is not able348

to satisfy heat demands higher than 4.19MWth. Therefore, the originally-sized DH system heat349
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Figure 6: Reconfiguring the parallel (blue) and series (green dashed) connections via automatically controlled valves.

The thin dotted lines indicate the piping needed.

Figure 7: Duration curve for the DH system heat demand (red dashed) and net electrical power of the parallel

configuration (orange: enlarged DH system heat exchanger, blue: originally-sized DH system heat exchanger), the

series connection (green) and ORC only (black) of the parallel CHP plant design.

exchanger is enlarged from 1.10m to 3.65m, which is sufficient to cover the peak heat demand. The350

extra cost of the enlarged heat exchanger has been taken into account for the respective economic351

calculations. Figure 7 shows the off-design electrical and thermal power outputs. The DH system352

heat demand (red dashed) is always satisfied and the maximal net electrical power output is given,353

in blue for the original size and in orange for the enlarged heat exchanger. In case of no heat354

demand, only electricity is produced via the ORC (black). Note that the ORC as designed for the355

parallel CHP plant is considered in this case.356

Note that it is beneficial to use the enlarged heat exchanger, also for heat demands below 4.19MWth.357

The enlarged heat exchanger allows a larger share of the brine flow rate to go to the ORC such358

that a higher electricity production is possible than with the originally-size heat exchanger. This359

can be seen by comparing the orange line (enlarged heat exchanger size) with the blue dotted line360
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(original heat exchanger size).361

The net electricity production of the originally designed parallel CHP plant can be increased slightly362

by configuring the ORC and the DH system heat exchanger in series during operation, for heat363

demands lower than 1.04MWth, which is the maximal heat production of the series connection.364

The original heat exchanger size of the parallel CHP design is considered for the series connection365

since no improvements can be made with the enlarged heat exchanger in this case.4 Furthermore,366

two bypass valves are considered for the series connection as shown in Figure 8. The bypass valve367

over the ORC (called ORC bypass) allows increasing the brine temperature at the DH system heat368

exchanger inlet and the DH system heat exchanger bypass (called DH bypass) allows part of the369

brine to bypass the DH system heat exchanger in case of very low heat demands. Note that also370

part of the brine flow rate can be bypassed (not only open/close operation, but control is also371

possible). In this case (series connection of the parallel CHP plant design), the ORC bypass is not372

used and the DH bypass valve is always used.373

Figure 8: Series configuration (green dashed) of the parallel (blue) CHP plant design, with indication of the two

bypass valves (red) which can be used in the series configuration. The bypass valves allow control of the brine mass

flow rate (not only open/close).

Series design; off-design operation. The series CHP plant design of Section 3.1 is able to satisfy374

heat demands only up to 5.67MWth, even with the use of an ORC bypass valve. The use of an375

enlarged heat exchanger cannot solve this problem. However, the higher heat demands can be376

satisfied by connecting the ORC and the DH system heat exchanger of the series CHP plant design377

in parallel. As will be recalled, every CHP plant configuration has a different optimal design. In378

this case, the DH system heat transfer area is higher for the series design than for the parallel379

design, which also explains why the parallel connection with this DH system heat exchanger is able380

4The pinch-point-temperature difference would become too low in this case.
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to satisfy the peak heat demand. Figure 9 shows the results.381

Figure 9: Duration curve for the DH system heat demand (red dashed) and net electrical power of the series (green)

and the parallel (blue) connection of the series CHP plant design. The full and the dotted lines indicate the net

electrical power output for the data points where the respective CHP connection is optimal, and for the data points

where the respective connection is not optimal. Pure ORC operation is indicated in black.

The operational parallel connection (blue) of the series design performs better for heat demands382

higher than 3.22MWth, and is additionally able to satisfy the peak heat demands. For lower383

heat demands, the series connection (green) has a slightly higher net electrical power output. For384

reasons of comparison, the dotted lines indicate the net electrical power output for the series and385

the parallel connections for the data points where they are not optimal. The series connection386

cannot satisfy high heat demands, whereas the parallel connection gives good performance over the387

entire operating range and is highly flexible.388

Preheat-parallel design; off-design operation. Figure 10 presents the off-design performance for the389

preheat-parallel CHP plant design. The DH system heat demand is given in red dashed lines and390

the net electrical power of the preheat-parallel connection is indicated by the red full line. Observe391

the very small operating window/low flexibility of the preheat-parallel configuration. Only heat392

demands between 1.90MWth and 3.31MWth can be satisfied.393

Also the results for the parallel configuration of the ORC and the DH system 1 heat exchanger394

(following the nomenclature of Figure 1) from the preheat-parallel CHP plant design are shown395

in the blue dashdotted line. Whereas the preheat-parallel connection has a very small operating396

window, the parallel connection is able to satisfy heat demands up to 7.37MWth. In addition, also397
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Figure 10: Duration curve for the DH system heat demand (red dashed) and net electrical power for the preheat-

parallel connection (red), and for the parallel connection (blue dashdotted) of the ORC and the DH system 1 heat

exchanger of the preheat-parallel CHP plant design.

the net electricity production of almost the entire operating window for the parallel connection398

is higher than for the preheat-parallel connection. Based on these results, the preheat-parallel399

connection is not considered any further.400

HB4 design; off-design operation. The HB4 CHP plant design is not able to satisfy all heat demands401

since it has, like the preheat-parallel CHP plant design, a limited operating regime: Q̇CHP =402

2.03 − 4.23MWth. During operation of the HB4 CHP facility, also two bypass valves can be403

considered similar to the series connection (see Figure 8); one bypass over the ORC (evaporator404

and superheater) which is used at high heat demands or for heat demands at a high temperature,405

and one bypass over the DH system heat exchanger which is used at low heat demands. In order to406

cover the peak heat demand, the parallel connection of the HB4 CHP design is used with the DH407

system heat exchanger enlarged by a factor 1.33. For lower heat demands, the series connection is408

considered.409

The left-hand side figure of Figure 11 shows the operating regimes for the HB4 connection (ma-410

genta), the parallel connection with enlarged DH system heat exchanger (orange), the parallel411

connection with originally-sized DH system heat exchanger (blue), the series connection (green)412

and the stand-alone electrical power plant (black). The maximal net electrical power production413

is included on the right-hand side. The HB4 connection is optimal for a significant range of data414

points, but the difference with the parallel configuration is very small. Note the wide operating415
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NPV [MEUR] Ṗ av
net [MWe] LCOE [EUR/MWh]

1. HB4 3.58 3.02 51.92

2. series 3.46 3.02 52.17

3. parallel 3.34 2.81 51.90

ORC -3.65 3.22 67.74

Table 4: Summary of the results for the CHP plant configurations with recuperated ORC implementation and

accounting for off-design performance and the optimal CHP connection.

range for the parallel configuration, which is very flexible compared to the other connections. This416

is because the ORC operating in the parallel set-up is less influenced by the DH system operating417

temperatures than in the series, preheat-parallel or HB4 connections.418

Figure 11: Left: Duration curve for the DH system heat demand (red dashed) and operating windows for the parallel

configuration with enlarged DH system heat exchanger (orange), the parallel configuration with original DH system

heat exchanger size (blue), the HB4 configuration (magenta), the series configuration (green) and the stand-alone

electrical power plant (black) of the HB4 CHP plant design. Right: Maximal net electrical power during off-design

operation for the optimal CHP configuration of the HB4 CHP plant design. The main optimal CHP configuration

per range of data points is mentioned.

Summary. Table 4 summarizes the off-design results for the different CHP plant designs (but419

with the optimal connections during operation) and for the stand-alone electrical power plant. The420

preheat-parallel configuration is not included because it is outperformed by the other configurations.421

All the mentioned CHP plants are able to satisfy the DH system heat demand.422

Note that the NPV values for the HB4 and the series CHP are lower than in Table 3, where off-423
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design behavior was not included. This is because the real average net electrical power production424

is lower than their respective design values. However, for the parallel CHP plant, the NPV value425

and the average net electrical power output are higher than in Table 3 due to the use of the enlarged426

DH system heat exchanger for satisfying the peak heat demand (and, with a smaller effect, by using427

the series connection at lower heat demands).428

The HB4 configuration has the highest NPV but considering all four connections during off-design429

operation is very complex. Therefore, the series design is preferred and the corresponding NPV430

is only 0.12MEUR lower. The series CHP set-up is much easier, and only the series and parallel431

connections are used during operation. Note that the LCOE does not follow the same trend as the432

NPV and Ṗ av
net. The revenues from selling heat are included in the LCOE (see Eq. (2)) and the433

series CHP has the highest electricity production but also the highest investment costs. In this434

case, this results also in the highest LCOE which means that a slightly higher electricity price is435

needed to break even at the end of the plant lifetime. However, the LCOE is lower than for the436

stand-alone electrical power plant.437

3.2.4. Optimal combined heat-and-power plant characteristics438

The series CHP plant was already indicated as the best configuration and the optimal design is given439

in Table 5. The series and parallel configurations are considered during operation and the optimal440

connection of the series CHP plant design on an hourly basis (series or parallel) is given in Figure441

12. The green, blue and black dots indicate that the series connection (at low heat demands), the442

parallel configuration (at high heat demands) or the electricity production only mode is optimal,443

respectively.444

Furthermore, this optimal CHP plant has a payback time of 24 years, including well costs, and 8445

years excluding the well costs. The avoided CO2 emissions are 14702ton/year compared to separate446

heat and electricity production from natural gas. This is based on the following formula:447

avoided CO2 =

(
Ṗ av
net

ηCCGT
+
Q̇av

CHP

ηboiler

)
8760C (10)

with C = 200kg − CO2/MWh the specific carbon dioxide emission factor for natural gas [38],448

and ηCCGT = 55% and ηboiler = 95% the efficiencies for a combined cycle gas turbine (electricity449

production) and a condensing boiler (heating), respectively.450
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variable EES RECUP DH SYSTEM variable ACC

Dshell [m] 0.76 0.96 0.58 Hfin [mm] 23.75

Dtube [mm] 6.02 5.81 8.01 Sfin [mm] 3.04

ptube [mm] 7.22 8.89 9.61 ntube 1006

Bc [m] 0.19 0.24 0.14

Lbc [m] 2.94 5.00 1.20

Table 5: Optimal design of the economizer, evaporator, superheater (called EES), the recuperator (RECUP), the

DH system heat exchanger and the air-cooled condenser (ACC ) of the series CHP plant.

Figure 12: Hourly optimal series (green dot, at low heat demands) or parallel (blue dot, at high heat demands)

connection of the series CHP plant design during operation. The black dots indicate pure ORC operation (no heat

production).

The feasibility map for the series CHP design with optimal off-design connections (series/parallel)451

is presented in Figure 13. Steps of 30EUR/MWh are considered for the electricity price and steps452

of 25EUR/MWh for the heat price. For the reference parameter values pel = 60EUR/MWh and453

pheat = 25EUR/MWh, NPV = 3.46MEUR. The NPV increases linearly with the electricity and454

heat prices, and is very sensitive to changes in prices. In most cases, and also for the considered455

reference values for pel and pheat, the recuperated ORC leads to better economics. Only for pel <456

39.04EUR/MWh, the standard ORC, having lower investment costs, should be implemented. This457

value is independent of pheat.458
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Figure 13: Feasibility map of the series CHP plant design and considering the optimal series/parallel configuration

during operation. Steps of 25EUR/MWh are considered for the heat price (pheat).

3.2.5. Note on the data reduction accuracy459

The data reduction (as discussed in Section 3.2.1) improves the calculation time of the off-design460

optimization model by a factor 36 but introduces some inaccuracies at the same time. A full com-461

parison of the results for the reduced number of data points with a complete hourly simulation for462

the year 2016 would require more than 10 days of calculation time (≈100s/data point). Therefore,463

four representative blocks of consecutive points on the heat duration curve are introduced. The464

representative blocks are hours 0− 167, 2196− 2363, 4392− 4559, and 6588− 6755.465

First, the results are shown for the recuperated stand-alone electrical power plant. On the left-hand466

side of Figure 14, the real net electrical power output (dashed lines) and the net electrical power467

output of the reduced data points (full lines) are shown for the four representative blocks. Recall468

that the electricity production depends on the environment temperature. The right-hand side469

figure shows the respective real (dashed lines) and reduced (full lines) values for the environment470

temperature. The reduced values for the environment temperature correspond to the black dash-471

dotted line of Figure 4.472

The total and average revenues (Rtot and Rhour), the average net electricity production and the473

errors on the total revenues and on the hourly net electrical power output between using the474

reduced number of data points and the real hourly data for each of the representative blocks475

are given in Table 6. Since the electricity production is the only product, the relative errors (in476

%) on the hourly electricity production are equal to the relative errors on the hourly revenues477
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Figure 14: Left: Real net electrical power output (dashed lines) and results for the reduced number of data points

(full lines) for the recuperated stand-alone electrical power plant, and for the four representative blocks of consecutive

hours on the DH system heat duration curve (black: hours 0-167, blue: hours 2196-2363, red: hours 4392-4559 and

green: hours 6588-6755). Right: corresponding real and reduced values for the environment temperature of the

representative blocks.

from selling this electricity. However the absolute numbers (in EUR) depend on the electricity478

price. The deviations of the electricity production are caused by the environment temperature479

fluctuations and are below 19.12% on an hourly basis. The average errors on the hourly electricity480

production/hourly revenues for the four representative blocks are between 0.11% and 0.56%, which481

is of satisfying accuracy.482

Also the same time blocks are studied for the series CHP plant. Figure 15 shows the heat production483

and the net electrical power production for the reduced data points (full lines) and for the real484

hourly data (dashed lines) for the four representative blocks. For the first two blocks, the parallel485

connection is optimal, for the latter two blocks the series connection is optimal.486

From Figure 15, it follows that the largest errors on the heat production are made in the first block487

(block 0 − 167, black). For the first data point, the use of the reduced number of data points488

results in an under-prediction of the real heat production by 11.86%. For the last data point of this489

first block (hour 167), the error is 13.56%. However, the average values are always between -0.03%490

and 0.06%, which is of good accuracy. The errors on the net electrical power production show491

higher variability due to the fluctuating environment conditions (which were given on the right-492

hand side figure of Figure 14). The largest under- and over-predictions of the real net electrical493

power output are -15.72% and 20.53% for the investigated blocks of representative hours. However,494
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data block Rtot

[EUR]

∆Rtot

[%]

Rav
hour

[EUR]

∆Rmin
hour

[%]

∆Rav
hour

[%]

∆Rmax
hour

[%]

Ṗ av
net

[MWe]

∆Ṗmin
net

[%]

∆Ṗ av
net

[%]

∆Ṗmax
net

[%]

0-167 41231 0.03 245.43 4.09 -16.14 0.56 17.02

2196-2363 36866 0.01 219.44 3.66 -9.01 0.30 19.12

4392-4559 33164 -0.10 197.40 3.29 -11.11 0.11 13.42

6588-6755 26649 -0.29 158.62 2.64 -15.79 0.21 18.35

Table 6: Total revenues, the error on the total revenues, the average hourly revenues, the average electricity pro-

duction and the minimum, average and maximum errors on the hourly revenues for the four representative blocks of

consecutive hours on the DH system heat duration curve (hours 0-167, hours 2196-2363, hours 4392-4559 and hours

6588-6755) for the stand-alone electrical power plant. To recap, pel = 60EUR/MWh.

Figure 15: Left: Real heat production (dashed lines) and results for the reduced number of data points (full lines) for

the series CHP plant, and for the four representative blocks of consecutive hours on the DH system heat duration curve

(black: hours 0-167, blue: hours 2196-2363, red: hours 4392-4559 and green: hours 6588-6755). Right: corresponding

real and reduced values of the net electrical power output.
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data block Rtot

[EUR]

∆Rtot

[%]

Rav
hour

[EUR]

xRtot

heat

[%]

∆Rmin
hour

[%]

∆Rav
hour

[%]

∆Rmax
hour

[%]

0-167 65697 0.24 391.05 52.28 -7.03 0.33 7.71

2196-2363 50734 0.02 301.99 33.95 -6.04 0.14 11.72

4392-4559 43202 0.61 257.16 24.99 -3.37 0.68 9.93

6588-6755 30311 -0.25 180.42 13.19 -13.91 0.12 15.48

Table 7: Total revenues and error on the total revenues by using the reduced number of data points, the average

hourly revenues, the share of the revenues from heat in the total revenues and the minimum, average and maximum

relative errors on the total hourly revenues for the four representative blocks of consecutive hours on the DH system

heat duration curve (hours 0-167, hours 2196-2363, hours 4392-4559 and hours 6588-6755) for the series CHP plant.

To recap, pel = 60EUR/MWh and pheat = 25EUR/MWh.

the average errors on the net electrical power production are always between 0.20% and 0.98%,495

which is of satisfying accuracy. The results based on the reduced number of data points slightly496

over-predict the electricity production. Note that, as for the stand-alone electrical power plant, the497

relative errors on the net electrical power production and the respective revenues from selling this498

electricity, and on the heat production and the respective revenues from selling heat do not depend499

on the prices for heat and electricity.500

Table 7 presents the total and average hourly revenues, the percentage of the total revenues from501

selling heat (xRtot

heat), the errors on the total revenues and on the hourly revenues between using502

the reduced number of data points and the real hourly data for each of the representative blocks.503

Because of the two products, the revenues and the errors on the revenues do depend on the prices for504

heat and electricity. The deviations on the hourly revenues can be as high as 15.48%. However, the505

errors on the total revenues are always way below 0.61%. This is of satisfying accuracy. To be clear,506

the goal of the results from the two-step optimization model is to choose the optimal configuration507

for implementation (and to be built), taking into account its performance during off-design. Of508

course, for hourly control issues, a quick and accurate model based on hourly data is required. This509

is the topic of the next section.510
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4. Results on the high-level control optimization model511

Once the CHP plant is installed, the operation can be steered by the heat demand or electricity512

requirements, but also by the price signals. To be able to calculate the optimal amounts of heat and513

electricity as well as the optimal connection, the part-load operation of the CHP plant should be514

known. Therefore, a discretization procedure and polynomial fits for the part-load operation based515

on the detailed optimization results are discussed first. These part-load maps are used in the high-516

level model of Section 2.5 and the results are verified against the detailed off-design optimization517

results. Finally, the high-level model is run for different scenarios.518

4.1. Discretization and polynomial fits for the part-load operation of the series combined heat-and-519

power plant design520

Figure 16 shows the maximum heat production limit for the parallel (blue X) and the series connec-521

tion (green dot) of the series CHP plant design, and the maximum electrical power production limit522

(black +), depending on the environment temperature. On the right-hand side, also the electricity523

production corresponding to the maximal heat productions of the series (green dot) and the parallel524

(blue X) connections are shown. The maximal electricity and heat production of the series and the525

parallel connections as a function of the environment temperature are approximated with spline526

functions (red dashed lines), with good accuracy.527

Furthermore, to be able to calculate off-design operation points, the amount of heat versus electricity528

production should be known (the so-called part-load maps). The real environment temperature529

varies between -6.5◦C and 35.5◦C over the year. A discretization with 1◦C steps has been considered530

for the parallel CHP; however, the series connection is only operational from Tenv = −3.5◦C531

to 35.5◦C.5 The detailed off-design optimization model of Section 3.2 has been run for a fixed532

heat demand constraint of 10%, 20%, . . . 90% of the maximum heat production for the series and533

the parallel connections to calculate the corresponding off-design net electricity production. The534

discretization for the heat production and for the environment temperature are also shown on the535

left-hand side of Figure 16.536

5For lower environment temperatures and corresponding high supply and return temperatures of the DH system,

the series CHP is not able to operate.
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Figure 16: Left: Maximum heat production of the parallel (blue X) and the series (green dot) connection of the series

CHP plant design as a function of the environment temperature. The 10% intervals of the maximal heat production

are additionally indicated and used for the polynomial fits. Right: Corresponding net electrical power output to

the maximal heat production of the series and the parallel connection and the maximal net electrical power output

(black +) in case of no heat delivery.

The high-level optimization model is based on a first-order polynomial fit for the heat production

and a tenth order polynomial fit for the net electrical power production as a function of xheat.
6

xheat is the share of the maximal heat production. For each discretized value of Tenv, a different

polynomial fit is obtained:

Ṗnet|Tenv =

10∑

i=0

an x
n
heat (11)

Q̇CHP |Tenv = b0 + b1 xheat (12)

with an, b0 and b1 the coefficients of the polynomials for the given value of Tenv. To be clear,537

these polynomials are different for the series and the parallel connection. The average standard538

deviations for the polynomial approximations of the net electrical power and heat production as a539

function of xheat are σel = 6.88 10−11MWe and σheat = 5.65 10−8MWth for the series connection540

and σel = 1.15 10−12MWe and σheat = 1.65 10−12MWth for the parallel connection. A linear541

interpolation between two considered values of Tenv is used to calculate Ṗnet and Q̇CHP for an542

intermediate value of Tenv.543

6It is decided to use a first-order polynomial fit for the heat production since it linearly depends on the share of

the maximum heat production for a certain environment temperature. A tenth order polynomial fit is considered

over a spline approximation for the net electricity production since it is more accurate.
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data block Q̇av
CHP

[MWth]

∆Q̇min
CHP

[%]

∆Q̇av
CHP

[%]

∆Q̇max
CHP

[%]

Ṗ av
net

[MWe]

∆Ṗmin
net

[%]

∆Ṗ av
net

[%]

∆Ṗmax
net

[%]

0-167 8.18 -0.08 -0.00 0.00 3.11 -0.65 0.07 1.02

2196-2363 4.10 -0.00 0.00 0.11 3.32 -0.69 0.05 0.77

4392-4559 2.57 -0.23 0.00 0.21 3.21 -1.14 -0.11 0.71

6588-6755 0.95 -0.38 0.03 0.71 2.61 -0.47 -0.04 0.63

Table 8: Minimum, average and maximum difference between the high-level model results and the results of the

detailed off-design optimization model for the heat production and the net electrical power output of the series CHP

design, and for the four representative blocks of consecutive hours on the DH system heat duration curve (hours

0-167, hours 2196-2363, hours 4392-4559 and hours 6588-6755).

4.2. Verification544

Before giving the results for different scenarios, the high-level model is verified against the results545

of the detailed off-design optimization model of Section 3.2. The same four representative blocks546

of consecutive points on the heat duration curve are chosen as in Section 3.2.5. For these blocks,547

the heat demand of the DH system should be satisfied (fixed constraint to the high-level model, as548

was the case for the off-design optimization model) and the fluctuating environment temperature549

is taken into account.550

Table 8 shows the minimum, the average and the maximum deviation between the high-level model551

results and the detailed off-design optimization model results. The errors on the hourly heat552

production are within 0.71% and the errors on the hourly net electrical power production are all553

smaller than 1.14%. The average errors on the hourly heat and electricity production are within554

0.13% and 0.11%, respectively, which indicates good accuracy.555

Table 9 shows the total revenues, the error on the total revenues, the average hourly revenues,556

the share of the revenues which is generated by selling heat and the minimum, average and max-557

imum relative errors on the total revenues. The errors on the total revenues for each of the time558

blocks are below 0.07%. Furthermore, the errors on an hourly basis are between -0.86% and 0.55%559

and the average errors are within 0.08%. This is of acceptable accuracy for using the high-level560

model for real-time control issues. This high-level model is much faster than the detailed off-design561

optimization model and has errors on the revenues within 0.1%.562
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data block Rtot

[EUR]

∆Rtot

[%]

Rav
hour

[EUR]

xRtot

heat

[%]

∆Rmin
hour

[%]

∆Rav
hour

[%]

∆Rmax
hour

[%]

0-167 65697 0.03 391.05 52.28 -0.32 0.03 0.54

2196-2363 50734 0.03 301.99 33.95 -0.46 0.03 0.52

4392-4559 43202 -0.07 257.16 24.99 -0.86 -0.08 0.53

6588-6755 30311 -0.03 180.42 13.19 -0.42 -0.03 0.55

Table 9: Total hourly revenues and error on the total revenues by using the high-level model, the average hourly

revenues, the share of the revenues from heat in the total revenues and the minimum, average and maximum errors

on the hourly revenues for the four representative blocks of consecutive hours on the DH system heat duration

curve (hours 0-167, hours 2196-2363, hours 4392-4559 and hours 6588-6755). To recap, pel = 60EUR/MWh and

pheat = 25EUR/MWh.

4.3. Discussion for different scenarios563

Different scenarios are defined in Table 10 based on the parameter values for the electricity price564

and heat price, and for the maximal heat production and minimal electricity production constraints.565

The hourly environment temperature profile (black dashdotted line in Figure 3) is assumed for all566

scenarios. For the electricity prices, either the fixed price at the design value (pel = 60EUR/MWh,567

from Table 1) or the hourly wholesale day-ahead electricity price profile for Belgium in 2016 [17]568

(p2016el ) is assumed. For the heat price, also either the fixed design value (pheat = 25EUR/MWh,569

from Table 1) or the monthly-averaged spot prices for gas in the TTF zone in 2016 [39] (p2016heat) are570

assumed. The profiles for the electricity (blue) and heat (red dashed) prices are shown in Figure571

17.7572

Different numbers are used to indicate the parameter values in the different scenarios:573

• 0: The fixed design values for the electricity and heat prices are assumed: pDel and pDheat;574

• 1: The electricity price profile p2016el is used instead of the fixed electricity price pDel ;575

• 2: The heat price profile p2016heat is used instead of the fixed heat price pDheat;576

7Note that the electricity and heat price profiles also start on January 1st 2016 7:00, as for the measurement data

for the environment temperature and heat demand of Figure 3.
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Figure 17: Profiles for the hourly wholesale day-ahead electricity price for Belgium (blue) [17] and for the monthly-

averaged spot price for gas in the TTF zone (red dashed) [39] in 2016. Note the different ordinate scale.

• Π = pel/pheat indicates that a fixed electricity price, different from the design value, is used.577

The heat price is always constant at the design value (pDheat = 25EUR/MWh).578

Furthermore, the constraints are indicated by the letters A and B. No letter means that no con-579

straints are imposed.580

• A: The upper limit for the heat production equals the DH system heat demand Q̇DH ;581

• B: The net electrical power production should be higher than 2MWe.582
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The following conclusions can be made based on the results of Table 10:583

1. Influence of the electricity and heat prices:584

• In general, it holds that the values of pel and pheat determine the real revenues and NPV,585

but whether the series or the parallel connection is optimal only depends on the ratio586

Π = pel/pheat.587

• The scenario Π = 1 has a lower NPV than the scenario 0 due to the lower electricity588

price. Furthermore, for lower values of Π, heat production is promoted and Q̇av
CHP is589

higher than in the 0 scenario. Correspondingly, Ṗ av
net is lower. The same effect is observed590

from scenario 0 to scenario 1, for which the electricity price profile p2016el is considered591

instead of the fixed design value for the electricity price. Since the electricity prices of592

p2016el are generally lower than 60EUR/MWh, also here the NPV is lower.593

• Higher ratios of Π = pel/pheat lead to more series and ORC (electricity only) operation,594

as can be seen from scenario 0 to Π = 10. More revenues from selling electricity can595

be made and the heat production is decreased. This also holds from scenario 0 to 12.596

However, the prices are lower so also the NPV is lower.597

2. Influence of the heat production upper constraint (indicated by the letter A):598

• The maximum heat production constraint limits the heat production and results in a599

higher electricity production. So the parallel operation is limited and the series and600

ORC connections are used more often (see e.g., from scenario 0 to A). When no con-601

straints are considered, most revenues are made from selling heat, so the revenues are602

also significantly decreased for scenario A compared to scenario 0.603

• The effects of the prices are less outspoken in case of a heat production constraint.604

Consider scenarios A, A Π = 1 and A Π = 10. The lower Π = pel/pheat, the more605

in favor of the parallel connection (scenarios A to A Π = 1). The heat production is606

increased until the upper constraint is reached (set by Q̇DH). For higher Π = pel/pheat,607

the series connection and the stand-alone electrical power plant are more in favor, which608

can be seen when comparing scenarios A to A Π = 10. The heat production is decreased609

and the electricity production is increased.610
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• The same effect can be seen when going from scenario A to A1. For a lower electricity611

price, the CHP is less operating in electricity only mode (ORC) and more often in parallel612

connection. Furthermore, if also the heat price is lowered from scenario A1 to A12, so613

the ratio of pel/pheat increases, the ORC mode is used more often. Still, the parallel614

connection is used a lot due to the high heat demands of the DH system in winter time615

(and the high revenues from selling heat at that time).616

3. Influence of the minimal electricity production constraint (indicated by the letter B):617

Due to this higher electricity requirement, less heat can be produced. Consider the scenario618

B12 compared to scenario 12. The parallel connection is still used the most, but is operated619

a lower number of hours due to the electrical power restriction. The series CHP is able to620

produce more electricity in summer time while producing still some heat. For the highest621

environment temperatures, the heat production of the CHP connections becomes very low,622

and it is beneficial to use the ORC only.623

5. Conclusions624

In this work, a two-step optimization framework for the design of four CHP plant config-625

urations fueled by low-temperature geothermal energy has been proposed. The off-design626

optimization and economic investigation of these configurations has not been done before.627

Furthermore, detailed thermodynamic correlations for the heat transfer coefficients and for the fric-628

tion factors have been included, and the off-design results are based on hourly data for the heat629

profile and for the environment conditions.630

In general, the recuperated ORC results in better economics than the standard ORC, except for very631

low heat and electricity prices. Also, it is important to take the off-design behavior into account. The632

real net present value (NPV) is generally lower when taking into account the off-design operation,633

since the real electricity production is mostly lower than its design value. Furthermore, the CHP634

plant design might not be able to satisfy the peak heat demand. For the parallel CHP plant design,635

a larger heat exchanger can be used to resolve this issue. And for the other CHP designs, the636

parallel connection can be used during operation to satisfy the highest heat demands. Moreover,637

by using different connections during off-design, the performance might be further638
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improved.639

For the investigated conditions, the series CHP plant design is optimal and the parallel reconfigu-640

ration of the designed ORC and the heat exchanger is used to satisfy the high heat demands (at641

higher temperatures) of the district heating system. The net present value (including off-design) is642

3.46MEUR, which is higher than for the stand-alone electrical power plant (NPV = −3.65MEUR).643

So the economics of a geothermal project might be improved by providing heat next644

to electricity.645

Once the CHP plant is installed and the investments are made, it is essential to maximize the646

revenues during operation. For this control issue, a high-level optimization model has been de-647

veloped, which allows to optimize the amounts of heat and electricity production driven by the648

actual heat and electricity prices in real time. Depending on the prices and the environment condi-649

tions, the parallel or the series CHP configuration, or the stand-alone electrical power production650

might result in the highest revenues for that period of time (typically one hour). The high-level651

model is very fast (∼milliseconds) and is based on part-load maps which were calculated from the652

detailed thermoeconomic optimization model. The results were verified against the results of the653

detailed thermoeconomic optimization model for four representative time blocks, and the control654

model was found to be of satisfying accuracy. Furthermore, different scenarios were defined to655

show the applicability of this high-level control model. Up to the authors' knowledge, this is the656

first paper which presents a thermoeconomic optimization model (including off-design657

behavior) for CHP design purposes and a derived high-level optimization model for658

control purposes.659

For future work, it is recommended to consider an additional gas boiler in the installation. That660

way, the control of the geothermal CHP plant is more flexible, e.g.; the owner can decide to produce661

more electricity during periods with a high electricity price, and the back-up gas boiler can then be662

used to produce the contracted heat (if not the entire heat demand) for the district heating system.663

Additionally, also high-temperature thermal storage might improve the flexibility.664
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Nomenclature668

Abbreviations669

symbol description

ACC air-cooled condenser

CHP combined heat-and-power

DH district heating

EES economizer, evaporator, superheater

GWP global warming potential

HB4 HB4 CHP plant [3]

NW northwest

ODP ozone depletion potential

ORC organic Rankine cycle

P parallel CHP plant

PP preheat-parallel CHP plant

RECUP recuperator

S series CHP plant

670
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Symbols671

symbol description

A [m2] heat transfer area

Bc [m] heat exchanger baffle cut

C [USD] equipment cost

c [m/s] speed of sound

Dshell [m] shell inner diameter

Dtube [m] tube outer diameter

del [%/year] electricity price increase

dr [%] discount rate

Ėx [MWth] flow exergy

ex [kJ/kg] specific flow exergy

Hfin [mm] ACC fin height

h [kJ/kg] specific enthalpy

I [MEUR] investment cost

L [year] lifetime

LACC [m] length of ACC leg

Lbc [m] heat exchanger baffle distance

LCOE [EUR/MWh] levelized cost of electricity

ṁ [kg/s] mass flow rate

MW [g/mole] molecular weight

NPV [MEUR] net present value

N [%] availability factor

ntube ACC number of tubes

Ṗ [MWe] electrical power

pel [EUR/MWh] electricity price

pheat [EUR/MWh] heat price

ptube [mm] tube pitch

p [bar] pressure

q [kJ/kg] specific heat

Q̇ [MWth] heat

R [EUR] revenues

Sfin [mm] ACC fin spacing

s [kJ/kgK] specific entropy

T [◦C] temperature

V̇ [m3/s] volume flow rate

vair [m/s] air velocity

w [kJ/kg] specific work

xheat [%] share of the maximal heat production

xRtot
heat [%] share of total revenues from heat

∆ difference

ε [%] heat exchanger efficiency

η [%] efficiency

Π pel
pheat

ρ [kg/m3] density

σ [MW] standard deviation

672

40



Subscripts and superscripts673

symbol description

air air

av average

BE bare equipment

b brine

crit critical point

D design

el electrical

en energy

env environment

ex exergy

f ACC fan

g generator

in inlet

inj injection state

m motor

max maximum

min minimum

net net value

out outlet

p pump

pinch pinch-point

prod production state

O off-design

return DH system return

s isentropic

sup degree of superheating

supply DH system supply

t turbine

tot total

th thermal

upper upper limit by REFPROP

wf working fluid

wells well drillings

674
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[2] F. Heberle, D. Brüggemann, Exergy based fluid selection for a geothermal Organic Rankine679

Cycle for combined heat and power generation, Applied Thermal Engineering 30 (2010) 1326–680

1332.681

[3] M. Habka, S. Ajib, Investigation of novel, hybrid, geothermal-energized cogeneration plants682

based on organic Rankine cycle, Energy 70 (2014) 212–222.683

[4] D. Fiaschi, A. Lifshitz, G. Manfrida, D. Tempesti, An innovative ORC power plant layout for684

heat and power generation from medium- to low-temperature geothermal resources, Energy685

Conversion and Management 88 (2014) 883–893.686

[5] C. Wieland, D. Meinel, S. Eyerer, H. Spliethoff, Innovative CHP concept for ORC and its687

benefit compared to conventional concepts, Applied Energy 183 (2016) 478–490.688

[6] O. A. Oyewunmi, C. J. Kirmse, A. M. Pantaleo, C. N. Markides, Performance of working-689

fluid mixtures in ORC-CHP systems for different heat-demand segments and heat-recovery690

temperature levels, Energy Conversion and Management 148 (2017) 1508–1524.691

[7] S. Van Erdeweghe, J. Van Bael, B. Laenen, W. D’haeseleer, Design and off-design optimization692

procedure for low-temperature geothermal organic Rankine cycles, Applied Energy 242 (2019)693

716–731.694

[8] M. Usman, M. Imran, Y. Yang, D. H. Lee, B.-S. Park, Thermo-economic comparison of air-695

cooled and cooling tower based Organic Rankine Cycle (ORC) with R245fa and R1233zde696

as candidate working fluids for different geographical climate conditions, Energy 123 (2017)697

353–366.698

[9] D. Hu, S. Li, Y. Zheng, J. Wang, Y. Dai, Preliminary design and off-design performance anal-699

ysis of an Organic Rankine Cycle for geothermal sources, Energy Conversion and Management700

96 (2015) 175–187.701

42



[10] M. Astolfi, L. N. La Diega, M. Romano, U. Merlo, S. Filippini, E. Macchi, Techno-economic702

optimization of a geothermal ORC with novel Emeritus heat rejection units in hot climates,703

Renewable Energy (2019).704

[11] D. Budisulistyo, C. S. Wong, S. Krumdieck, Lifetime design strategy for binary geothermal705

plants considering degradation of geothermal resource productivity, Energy Conversion and706

Management 132 (2017) 1–13.707

[12] S. Lecompte, H. Huisseune, M. van den Broek, S. De Schampheleire, M. De Paepe, Part708

load based thermo-economic optimization of the Organic Rankine Cycle (ORC) applied to a709

combined heat and power (CHP) system, Applied Energy 111 (2013) 871–881.710

[13] F. Capra, E. Martelli, Numerical optimization of combined heat and power Organic Rankine711

Cycles Part B: Simultaneous design & part-load optimization, Energy 90 (2015) 329–343.712

[14] S. Van Erdeweghe, J. Van Bael, B. Laenen, W. D’haeseleer, Optimal configuration for a713

low-temperature geothermal CHP plant based on thermoeconomic optimization, Energy 179714

(2019) 323–335.715

[15] S. Van Erdeweghe, J. Van Bael, B. Laenen, W. D’haeseleer, Optimal combined heat-and-power716

plant for a low-temperature geothermal source, Energy 150 (2018) 396–409.717

[16] S. Bos, B. Laenen, Development of the first deep geothermal doublet in the Campine Basin of718

Belgium, European Geologist 43 (2017) 16–20.719

[17] ENTSOE, Central collection and publication of electricity generation, transportation and720

consumption data and information for the pan-European market, 2016. URL: https://721

transparency.entsoe.eu/.722

[18] European Commission, EU Reference Scenario 2016, 2014. URL: https://ec.europa.eu/723

energy/sites/ener/files/documents/ref2016_report_final-web.pdf.724

[19] CREG, Prijs van elektriciteit en aardgas in België, in de 3 regio’s en in de725
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