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Abstract

Solar thermal energy is a possible technology in order to increase the renewable share inside district
heating as required by European Directive 2012/27. However, these systems represent an important
investment and need to be appropriately sized and operated, mainly because of the intermittency of the
solar energy, to deliver heat at reasonable cost while preventing any conflict of usage between various
heat producers: Combined Heat and Power (CHP), biomass boiler, solar thermal energy, etc. Exergy
analysis is a promising tool to tackle this issue. To progress in that direction, this paper presents a
dynamic exergoeconomic analysis on an existing solar district heating (SDH) located in the North West
of France in which conflict of usage occurs. The actual configuration is implemented in Dymola and
includes a large-scale solar field, a biomass boiler, a gas boiler and a thermal energy storage. Based
on models available in Modelica Buildings Library, an exergoeconomic approach (Specific Exergy
Costing) is implemented. Field data from year 2019 are used as input to model the demand and solar
data are taken from SoDa Service. Two cases are considered: one without the solar field (reference
case), and one with the solar field. This study demonstrates that adding a solar field in an existing district
heating system leads to a degradation from an exergy point of view. This degradation mainly occurs
during the non-heating season, when the solar energy is the source of 26% of the overall exergy
destruction. It is shown that with the solar field the specific cost of the heat increases by 10% during the
non-heating season. The study highlights that adding a solar field reduces the operating time of the
boilers and thus increases their investment cost rates. Moreover, the solar field is the main source of
extra cost, which degrades the system for an exergoeconomic point of view.
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1.Introduction

District heating (DH) systems are an important technology to address sustainability in modern cities. To
increase the renewable share in DH networks as required by the European Directive 2012/27 the
integration of solar thermal heat is seen as promising. Winterscheid et al. [1] presented a methodology
of including solar energy in the sub-network of an existing district heating supplied by a large CHP facility
and demonstrated that this integration brings benefits in CO2 emission reduction and operation flexibility.
Carpaneto et al. [2] developed an optimization procedure based of operating cost to define the
dispatching strategy for solar collectors and other heat producers present in a network and highlighted
the reduction of the operating cost during mid-season periods and summer with the integration of solar
energy.

Li and Svendsen [3] have highlighted the usefulness of using exergy analysis for DH performance
evaluation. However, this analysis does not take into account the costs associated to fuel and
investment. In order to go further an exergoeconomic analysis is needed. For instance, Alkan et al. [4]
conducted an exergoeconomic analysis of a geothermal district heating system a using the SPECO
(specific exergy costing) approach. This method is developed by Lazzaretto and Tsatsaronis [3] and
allows to define fuel and product for each component and to calculate the associated costs. Torio and
Schmidt [5] have stressed out that, as DH networks operate at temperatures close to the reference
environment, their performances are strongly influenced by the dynamic behaviour of both the system
and the outdoor air conditions. Hence, dynamic exergy analysis is mandatory to conduct a fully relevant



exergoeconomic analysis on DH. This approach has been successfully used by Meesenburg et al. [6]
for a heat pump system and by Sayadi et al. in a building application [7].

The present work aims at using a dynamic exergoeconomic approach to assess the impact of the
integration of solar energy in an existing DH system, located in the North West of France, on the
performances of other heat producers. After a presentation of the case study, the method, the exergy
and exergoeconomic models are described. Then the results of the simulation over one year are
presented and the impacts of the integration of the solar field from energy, exergy and exergoeconomic
points of view are discussed. Finally, conclusions are presented.

2.Chateaubriant solar district heating description

2.1. General overview

The case under consideration is an existing solar district heating system in the North West of France, in
the city of Chateaubriant. A simplified layout of the DH is presented in Fig. 1. It consists of two branches
(North and South) for a total annual heat demand of 18.6 GWh, for both space heating and domestic
hot water. The flows of the South and North branches are mixed before entering the boiler room which
comprises a gas boiler and a biomass boiler. In 2018 a solar thermal field was added on the Northern
branch, preheating the return of that branch. It is composed of 200 flat-plate collectors (model K5Giga+
from KBB brand), inclined 30° to the horizontal, 146 facing south and 54 facing 7° southeast. The solar
loop is filled with monopropylene glycol (MPG) at 33% to protect the solar field against frost damage.
The secondary circuit contains the secondary pump and a storage made of three stratified storage tanks
connected in series. The solar loop is separated from the secondary circuit by a heat-exchanger with a
yearly mean efficiency of 0.69. Table 1 summarizes the main values of the design parameters of the
studied system. A CHP also exists but was not considered in the present case for the sake of simplicity,
as its operation depends on specific electricity contracts.

The heat demand profile of the district heating for the year 2019 is shown in Fig. 2. The daily mean
temperature and the number of hours per day with solar irradiation higher than 350 W/m2, which is the
usual value of solar irradiation for which the pump of the solar loop turns on in the case studied, are
presented in Fig. 3.
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Fig. 1. Schematic of the solar district heating of Chateaubriant

Table 1. Technical data of the SDH?

P1 efficiency 0.45

P2 efficiency 0.58

Heat exchanger effectiveness 0.69

Gas boiler efficiency 0.658

Biomass boiler efficiency 0.845

Gas boiler nominal capacity 6 MW

Biomass boiler nominal capacity 3 MW

Biomass boiler minimal capacity 750 kW

Solar field nominal capacity (aperture area) 1.7 MW (2340 m?)
Thermal storage tank capacity 3 x50 m3

1 Data provided by Chateaubriant DH operator Cofely thanks to Cylergie
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Fig. 2. Heat demand profile during the year 2019 Fig. 3. Number of hours per day with solar irradiation
higher than 350 W/m?2 and daily mean ambient
temperature of Chateaubriant SDH for year
2019

2.2. Control strategy

The control unit manages the solar field system by operating pumps and valves. A rise time of ten
minutes for the pumps and five minutes for the valves is assumed. Pump P1 is switched on using an
irradiation threshold equal to four times the north return-flow temperature. Pump P2 and the valves are
controlled in order to switch between three main operation modes:

1. Direct mode, the solar heat collected is directly transferred to the district network.
2. Charging mode, the solar heat collected is stored in the stratified storage tank.

3. Discharging mode, the heat stored in the stratified storage tank is discharged in the network,
with adjusted flow rate depending in the demand and the temperature at the top of the storage
tank.

Furthermore, an antifreeze mode is activated when outlet temperature of the collectors is below 5°C in
order to avoid the freeze of water in the secondary loop. To prevent overheating in the solar loop, the
direct mode is launched when this temperature exceeds 130°C and a storage fully charged. The switch
from one mode to another depends on the outlet temperature of the collectors, return temperature and
storage tank temperatures. The positions of the valves V1 to V6 and the state of the pump P2 for each
mode are reported in Table 2. The supply temperature is calculated using a heating curve based on the
ambient temperature. In the boiler room the needed heat load is calculated comparing the set
temperature with the boiler room inlet temperature and the mass flow rate. The priority is given to the
solar field, as it preheats the return of the Northern branch, and then to the biomass boiler. The gas
boiler is turned on only if the heat load needed at the boiler room inlet is lower than the minimal capacity
of the biomass boiler or higher than the maximum capacity of the biomass boiler.

Table 2. P2 state and valves positions for the different operating modes
Valves position

Operating mode P2 state {(V1,V2,V3,V4,V5,V6}
Direct On {1,1,1,0,0,0}
Charging On {0,1,0,0,1,1}
Discharging On {1,0,1,1,0,1}
Rest Off {0,0,0,0,0,0}
Antifreeze On {1,1,1,0,0,0}
Overheating On {1,1,1,0,0,0}
3. Model

It was chosen to develop the model using the Modelica language and to implement it in Dymola®©. When
relevant, existing libraries were used and, in all cases, exergo-economic model was developed for each
sub-component and for the whole system.

Demand side modelling. The aim of the work being focused on the heat generation and storage systems,
it was decided to not model into details the distribution network. Hence, the heat demand model of each
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branch is a simplified model of the demand side of the system. It is composed of a supply and a return
pipe of 2.5 km each and a component extracting thermal energy from the fluid according to the heat
demand. 10 min data gathered by the DH operator (Cofely) for year 2019 are used as input.

Heat producers model. The model contains two main lumped models: the solar field model, gathering
the solar loop and the secondary circuit, and the boiler room model which is composed of the gas boiler
and the biomass boiler. Solar collector model and stratified storage model are described in section 3.2.
and 3.3. For the other components, the model used are listed in Table 3.

The ambient temperature and the solar radiation are delivered by the SoDa service [8] and derive from
the MERRA-2 dataset [9] and the HelioClim-3 database [10], both with a time step of 10 min and for
year 2019.

Table 3. Existing models used for the heat producers

Component Library Model

Valve Modelica Standard Library Valvelncompressible

Pump Modelica Buildings Library FlowControlled_m_flow
Heat exchanger Modelica Buildings Library ConstantEffectiveness
Boiler Modelica Buildings Library PrescribedOutlet

Water Modelica Standard Library Simple liquid water medium

3.1. Exergoeconomic model
3.1.1. Reference environment

To conduct an exergy analysis, a reference state must be defined. The properties of this reference state
should be constant during and after the interaction with the system studied. However, in this present
study the ambient temperature fluctuates through the year of simulation. As the reference temperature
has to be the most favourable for the process studied, Pons [11] proposed to choose the mean ambient
temperature over the time horizon. Thus, the annual mean ambient temperature (T, = 12.25°C) at
atmospheric pressure (p, = 1.013 bar) was chosen.

3.1.2. Exergy
According to [12] the exergy balance for a control volume can be written as:

dEx . . To\ . , .
— = E Ex; — E Ex, + E 1-—)-Q,+W—Exp 1)
dt : : T;

i o J

where the term % represents the variation on the control volume, Ex, denotes the exergy destruction

within the control volume, Ex; and Ex, represents the exergy flow at the inlet and outlet of the control
volume, Q'] is the heat flow crossing the boundary of the control volume at absolute temperature T; and
W is the power. The exergy content of a material stream is evaluated as:

Exi/o = mi/o T€Xij0 = mi/o ’ [(hi/o - ho) - TO(Si/o - SO)] (2)
where the subscript zero indicates properties at the reference state. It is assumed that there is no

chemical reaction in the studied system.

For the exergy analysis, fuel and product are defined both for each component and for the whole system,
based on their function and purpose at each time step on the simulation. The expressions obtained are
presented in Table 4. With these definitions, the exergy balance for a system or an individual component
is:

E.&CD =E5CF_E.X"P. (3)

Furthermore, the exergy efficiency is defined as:



Ex Ex
X _g 0 (4)

Tex = Exn Exp

Table 4. Definitions of fuel and product exergies of each component. Charging and discharging refer to
charging/discharging of the storage tank.

Component Fuel exergy Exp Product exergy Exp
4T, . .
Solar collectors Ayl (1 -= ) Exis — Exyy
3 TS'LLTI
Heat exchanger Ex;s — Exy Exy — Exg
GaS bOI|er mfuel,gas " LHVfuel,gas Ex23 - ExZZ
Biomass boiler mfuel,biomass ’ LHVfuel,biomass Ex21 - ExZO
Pump 1 Wp, Ex;4 — Exy3
Pump 2 Wy Ex, — Ex,
Ex,, — Exy, : charging dEXiank )
Stratified storage tank AEXpgnie | . _ ac charging
| e |’ discharging Ex,; — Exy, : discharging

The expression of the solar exergy is the coming from the approach described by Spanner in [13], where
Tun represents the equivalent temperature of the sun. In this study a value of 5780 K is assumed.

3.1.3. Exergoeconomy

To conduct an exergoeconomic analysis, a cost is assigned to all of the exergy streams. In the present
study the SPECO method [14] is used for exergy costing. A specific cost c; is assigned to each exergy
stream Ex; associated with the cost stream C;:

Ci =¢ e Exi . (5)
In order to calculate the specific cost of each stream, a dynamic cost balance is formulated for each
component:

dc Z . Z . ,

E= Cl+ Cel'Wk‘l'Z. (6)
material k
stream

Z, the annualised capital cost of the component, depending on the interest rate i and equipment lifetime
n is determined as:

7. @+
5o A+D" -1 (7)
top

where t,, is the operating time of the component over the entire time period of the study, and can be
expressed in any unit of time. If in hours, Z will be in €/h.
For each component, the cost product can be calculated with the cost balance as follows:



CP'EXPZCF'EXF+Z. (8)

All cost balance equations and auxiliary equations are summarized in Table 5. For some components
where the number of exit streams is larger than 1 the F-rule or P-rule are applied to complete the
mathematical calculation [14]. Specific costs of the streams coming for sub-stations are assumed to be
zero and specific cost of the solar heat too.

Table 6 presents the economic data of the system.

Table 5. Cost balance and auxiliary equations for each component

Component Cost rate balance Auxiliary equation
Solar collectors Cis — Cia = Coun + Zcon Csun =0
Heat exchanger Co—Cg=Cys— Ciz+ Zyy C13 = C15
Pump 1 Cl4— - C13 = CW,Pl + ZPl /
Pump 2 C;—Cs = Cupz + Zp, /
dc . . .
%ﬂk = (11 — C1p + Zyani ¢ charging
Storage tank t JE ¢, = 0 if discharge
' : Xtank . .
Ci1— Ci2 = Crank * | it : discharging
Biomass boiler CZl - CZO = Cfuel,gas + Zbiomass /
Gas boiler CZS - CZZ = Cfuel,biomass + Zgas /
Table 6. Economic data
Parameter Value
Cost of electricity [€/kWh] 0.14
Cost of gas [€/kWh] 0.039
Cost of biomass [€/kWh] 0.023
Gas boiler investment cost [M€] 1.20
Biomass boiler investment cost [M€] 2.10
Solar collector field investment cost [M€] 1.35
Lifetime of all components except gas boiler [year] 20
Gas boiler lifetime [year] 25
Interest rate [%)] 3.75

The SPECO method allows to determine the cost of exergy destruction in each component of a system,
by evaluating this cost as a cost for spent extra fuel [14]:

Cp = cr - Ex;, when Ex; is fixed 9)

Two metrics are often used in the exergoeconomic analysis. The relative cost difference, defined by Eq.
(10), represents the part of the cost due to exergy destruction and investment:

Cp — C,
N (10)
Cr
The exergoeconomic factor expresses the ratio of the investment cost to the total cost:
Z
[ — (12)
Z + CF " ExD



3.2. Solar collectors’ model

The solar collectors’ model is based on that proposed by Osorio & Carvalho [15] according to the
European Standard EN 12975. The heat balance can be written as:

Qeou(6) ur
C;p = Mo .Ip 0)—a;- (Tmean - Tamb) — a3 * (Tnean — Tamb)2 — Cefr ;in:an (12)
where Teqn is the mean fluid temperature of the collectors defined as:
Ton +T,
Tnean = mTout (13)

1,(0) is the solar radiation received by the collectors at the incident angle 6. I,,(9) is the sum of the direct
and diffuse component of solar radiation, both multiplied by the corresponding incidence angle modifier:

3.3. Stratified storage tank
3.3.1. Energy model

The stratified storage tank model is adapted from the Stratified model available in the Modelica Buildings
Library. Three tanks are connected in series. Each of them is divided into 30 layers from top to bottom.
For each layer dynamic mass and energy balances are solved. The fluid is assumed to be ideally mixed
inside each layer. Heat losses to the environment are taken into account.

3.3.2. Exergy model
According to Eg. (1) the exergy balance for the stratified storage tank can be written as:

dExtank

= = Ex;, — Exoye — Exp (15)
where Ex;qn; 1S the stored exergy. Ex;.i iS evaluated as the sum of the exergy stored in each layer:
Niayers
Extank = 2 m; - ex; (16)
i=1

where m; is the mass and e; the specific exergy of layer i. Assuming that the water in the tank behaves
as an ideal liquid, the specific exergy of every layer can be evaluated from temperatures calculated from
the exergy balance of each layer [16] :

ex; = ey | (1= 1) =Ty - n (1)) a”
0

During the simulation, the purpose of the stratified storage tank changes. Hence expressions of fuel
exergy and product exergy depend on its state. During charging, the fuel exergy is defined as the exergy
of the hot water entering at the top of the tank minus the exergy of the outflow at the bottom. The exergy
product is then the increase of stored exergy in the tank Ex,,,,. During discharging, the purpose of the
tank is to deliver heat to the fluid. Thus, the fuel is the heat previously stored. When the stratified storage
tank is neither charging nor discharging, product and fuel are not defined, the decrease of exergy due
to heat losses to environment corresponds to exergy destruction:

(18)

3.3.3. Exergoeconomic model
As for energy, a cost is accumulated within the component during charging. The dynamic cost balance
is:

dCtank

dt

where C..n, denotes the accumulated cost, i.e. the monetary value of the stored energy. The operating
time t,, of the thermal storage is assumed to be the cumulating charging time. The integration of Eq.
(19) over the whole charging period gives the final value, C;4.x, Of the heat stored during this period. If
the tank was already partly loaded before charging, the value of this residual heat has to be added to

= C.‘11 - C12 + Ztank (19)
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C:anx t0 Obtained a consolidated value of the heat in the tank. The specific cost assigned to the exergy
contained in the tank after charging is then calculated as:

1 tend dCtank

Ctank (tend) = m ' ft dt dt + Ctank(tstart) " EXtank (tstart) (20)
where c.qn. (tstare) 1S the specific cost evaluated after the previous load. When discharging, the product
is the heat exiting the stratified storage tank and the fuel, the heat stored. Thus, the dynamic cost
balance is formulated as:

start

dExtank
dt

where c;.nx IS the specific cost of the stored exergy calculated after charging by Eq. (20). The investment
cost rate is already contained in the specific cost c;4,x, SO that it is not again taken into account in Eq.
(21) to avoid counting it twice.

With the assumption that c¢;, = 0, Eq. (22) can be written as:

Ctank (tend) . |dExtank (t)
Exyy dt

(21)

Ci1 — Ci2 = Crank(tena) - |

(22)

€11 =

4. Results

To compare the performance of the system with and without the solar field, both cases are simulated
over one year with the same input data. Energy, exergy and exergoeconomic analysis are then carried
out. In order to facilitate the analysis of the results two periods of time are defined: the heating season,
from October 15™ to April 14%, and the non-heating season, from April 15t to October 14%. For the
determination of average values associated with one of the heating units, the values of only the periods
when the respective equipment is operating are considered. Results are presented in Table 7.

Table 7. Energy, exergy and exergoeconomic results of the whole system and each component in the
two cases studied.

Reference case Solar case
Total Gas Biomass Total Gas Biomass Solar
system system field
7 [€/n] 26.51 15.94 21.85 37.35 15.81 23.34 63.70
top [A] 8760 4568 6763 8760 4606 6330 1525
top, futtLoaal Nl / / 2743 / / 2708 /
Energy 100 21 79 100 20 75 5
coverage [%]
Qmean[KW] / 855 2192 / 820 2247 615
Qsa / 639 825 / 655 804 312
Exp[GWh] 19.8 51 14.7 21.3 4.9 14.1 2.3
EXpmean [KW] 2266 1114 2175 2433 1062 2230 1168
overall Expgq 1588 857 819 1538 877 797 484
year Nex.mean [%0] 15.0 127 16.1 14.1 12.7  16.1 7.8
Nex.sd 1.5 0.9 2.2 25 0.8 0.4 3.1
Cp.mean [€/N] 61.5 29.9 496 61.6 29.1 50.8 3.3
Cpsa 46.8 334 200 50.1 340 196 34.8
Cp,mean
[E€/kWHh] 0.31 0.66 0.21 0.35 0.66 0.21 0.74
Cpsd 0.17 1.40 0.21 0.68 1.27 0.13 0.74
Tmean 9.71 15.99 8.13 20.96 16.16 8.11 633.35
Ted 3.33 36.18 9.05 43.80 32.97 5.48 200.47
Finean 0.370 0.541 0.330 0.469 0.546 0.337 0.274
fsd 0.144 0.331 0.108 0.191 0.326 0.106 0.175
top [h] 4392 1963 2451 4392 1955 2108 1062
Non- top futitoaa [N/ / 36 / / 36 /
heating Ener
season Covef’gge v 100 25 75 100 21 64 15
Qmean[kW] / 574 1360 / 508 1405 658



Qsa / 139 517 / 181 526 320

Ex,[GWh] 4.8 15 3.3 5.8 1.3 29 1.5
EXpmean [KW] 1096 760 1349 1322 665 1395 1235
Expsq 507 190 512 571 253 520 471
Nexmean [%] 14.5 127  16.0 13.2 127 161 8.3
Nex.sd 1.8 09 33 2.7 08 04 3.3
Comean [E/N]  30.7 18.1  29.9 55.8 16.3  30.9 1.5
Cosa 10.6 15.4 13.4 41.9 145 136 0.6
Cp,mean
€] 0.40 059 0.25 0.45 0.63 0.25 0.70
Choa 0.18 1.23 031 0.91 1.09 0.20 0.84
Tmoan 11.80 14.26 9.70 32.20 15.45 9.67 408.67
Ted 3.06 31.99 13.33 58.20 28.17 8.61 155.73
Fncan 0.478 0.608 0.433 0.603 0.625 0.441 0.270
fia 0.080 0.314 0.097 0.140 0.301 0.098 0.314
top [N] 4368 2605 4312 4368 2651 4222 464
top futttoaa Nl / / 2707 / / 2672 /
Ener
Cove?gge v 100 19 81 100 19 79 2
Ormean KW / 1073 2665 / 1053 2668 515
0 / 774 547 / 773 547 265
Ex,[GWh] 15.0 36 114 15.5 36  11.2 0.7
EXpmean [KW] 3438 1381 2644 3547 1354 2647 1043
_ Exp a 1432 1045 542 1389 1042 543 484

SH::STE Nexmean [%] 15.5 12.7  16.2 15.0 12.7  16.2 6.6
Nex.sd 0.8 08 08 1.4 08 05 2.0
Cp.mean [€/N] 92.5 409 613 65.7 406 61.2 4.0
Cosa 48.6 419 128 57.2 416 135 20.6
Cp,mean
kW] 0.22 071 0.19 0.24 0.68 0.19 0.83
Chooa 0.09 150 0.12 0.29 1.39 0.06 0.28
Tnoan 7.62 17.28 7.23 9.69 16.68 7.33 653.26
Ted 2.00 38.97 5.01 13.87 36.08 2.48 195.77
Frcan 0.261 0.478 0.272 0.334 0.475 0.284 0.282
fsa 0.107 0.334 0.059 0.130 0.331 0.062 0.068

4.1. Energy analysis
4.1.1. Reference case

In the reference case the biomass boiler operates 6,763 hours, including 2,743 hours on full load, for an
energy coverage rate of 81% during the heating season and 75% during the non-heating season. During
the non-heating, when the heat demand is for domestic hot water only, the mean heat flow delivered by
the biomass and the gas boiler are respectively 1,360 and 573 kW whereas during heating season these
values are higher: 2,665 for the biomass and 1,073 for the gas boiler. During heating season, gas boiler
operates simultaneously with the biomass during 95 % of its operating time, while only during 1.4%
during the non-heating season. These results highlight two different behaviours of the gas boiler. During
the non-heating season, the gas boiler operates when the heat demand is lower than the biomass
minimal capacity, mainly during daytime, whereas during heating season it acts as a complement to the
biomass, when heat demand is higher than the biomass maximum capacity.

4.1.2. Comparison of the two cases

With the integration of the solar field, the annual heat delivered by the biomass boiler decreases from
14.8to 14.2 GWh and its operating time decreases by 6.4%. The solar field operates 1,525 hours during
the year (70% during non-heating season, 30% during heating season), hence having a main impact
during the non-heating season.

During this period, the energy coverage ratio falls from 75% to 64% for the biomass, with an operating

time 14% lower, and from 25% to 21% for the gas boiler with no significant variation of the operating
time. This is due to the operation of the solar field during 24% of the time in direct or discharging mode



resulting in an energy coverage of 15%. Two cases can occur during solar filed operation: first, the heat
delivered by the solar field meets the total heat demand so that none of the two boilers operates (32%
of the operating time). Second, the heat delivered only preheats the water before the boiler room.
However, the remaining heating load needed to complete the heat demand is lower than the biomass
minimum capacity so that the biomass boiler cannot be used and the gas boiler has to be switched on.

For the heating season, the impact of the solar field is less significant (464 hours of operation for an
energy coverage of 2%). In consequence, both energy coverage and operating time of the gas and
biomass boiler are mainly unchanged compared to the reference case.

4.2. Exergy analysis
4.2.1. Reference case

In both boilers the exergy destruction and the mean exergy destruction rate are higher during heating
season than during the non-heating season. This is because of a higher operating time and a higher
heating load during the heating season. Unlike the gas boiler, the exergy efficiency of the biomass boiler
depends on the period of the year: it is 1.3% higher during the heating season than during the non-
heating season. It is due to a lower temperature difference between the inlet and the outlet of the
biomass boiler, because of a lower supply temperature and a inlet fluid pre-heated by the solar field, in
non-heating season than in heating season

4.2.2. Comparison of the two cases

With the integration of the solar field the overall exergy destruction increases by 7% (21% in non-heating
season, 3% in heating season). The reason is the large contribution of the solar field to the overall
exergy destruction. In addition to this increase, the overall exergy efficiency decreases by 9% during the
non-heating season and by 3% during heating season. The cause is the exergy efficiency lower than
9% for the solar field. Hence, the integration of the solar field degrades the performances of the system
from an exergy point of view. Considering the two boilers, the slight decreases of their exergy
destruction, both by 4%, can be explained by the reduction of their operating time. The integration of the
solar field does not impact the exergy efficiency of the gas boiler both during heating and non-heating
season. However, it reduces the exergy efficiency of the biomass from 17% to 16% during the non-
heating season and does not impact it during the heating-season. The significant drop of the mean
exergy destruction flow rate in the gas boiler during the non-heating season with the integration of the
solar field is linked to its use at a lower capacity. Similarly, the rise by 3% of the exergy destruction flow
rate in the biomass is caused by a use at a higher capacity.

Hence, the integration of the solar field degrades the performances of the system from an exergy point
of view. The performances of the gas boiler are not impacted whereas the biomass boiler is less exergy
efficient on a yearly basis.

4.3.Exergoeconomic analysis
4.3.1. Reference case

In the reference case, an analysis of the relative cost difference shows that the system is more
exergoeconomic efficient during the heating season. With a mean exergoeconomic factor of 0.261
during this period, the exergy destruction is identified as the main source of extra cost. The cost rate
associated with exergy destruction is higher for the biomass than the gas boiler. The reason is the higher
exergy destruction flow rate in the biomass.

4.3.2. Comparison of the two cases

The integration of the solar field causes an increase of 41% of the investment cost rate of the system.
The reason is that the investment cost of the solar field is added to the ones of the two boilers but the
operating time of the system remains the main (8,760 hours). As seen in 4.1., the integration of the solar
field decreases the operating time of the boilers. Therefore, the associated investment cost rates
increase: for each hour of operation, using the boilers is more expensive than without the solar field. An
increase of 12% of the product cost associated with the system is observed with the integration of the
solar field. The comparison of the mean values of the relative cost difference of the global system in the
two cases shows an increase of the extra costs with the solar field. The mean value of the cost
associated with exergy destruction does not vary significantly while the exergoeconomic factor increase
by 27%. This highlights that the solar field investment cost impacts significantly the specific cost of the
heat during the installation lifetime. The increase of the extra costs is more important during the non-
heating, when the solar fields operates mostly, than during heating season. The low value of the cost of
exergy destruction in the solar field is due to the low value of the specific fuel cost. Indeed, as the sun
exergy is free, the only costs are the electricity for the pumps and, when discharging, the cost of the
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stored heat in the tank. Therefore, the high specific cost product and the high relative cost difference of
the solar field are due to the investment cost rate. The high standard deviation of the cost of exergy
destruction is due to high values of to the high value of specific fuel cost during the discharge of the
thermal storage, whose investment cost is divided by a low operating time. An analysis of the product
cost, relative cost difference and exergoeconomic factor of each boilers shows the impact of the solar
on them. With the solar field, the specific product cost of the gas boiler increases by 8% during the non-
heating season. An increase of its relative difference cost and its exergoeconomic factor is also
observed. This shows that the integration of the solar field degrades the gas boiler from an
exergoeconomic point of view. For the biomass boiler, the variations of its specific product cost and of
the extra costs between the two cases are neglectful. However, the exergoeconomic factor increases
both during heating and non-heating season, because of the rise of the investment cost rate.

5.Conclusion

In this work the effect of the integration of a solar field in an existing district heating has been
investigated. It has been shown that from an exergy point of view it results in a degradation of the system
by increasing the exergy destruction, particularly in the non-heating season when it is the source of 26%
of the exergy destruction. The exergoeconomic analysis has demonstrated that with the solar field the
cost associated to exergy destruction does not vary significantly but has also highlighted a large increase
of the extra costs and has determined that the solar field is the source of it, because of an important
investment cost. The integration of the solar field increases by 13% the specific exergy cost of the heat
during the non-heating season. It has been demonstrated that the addition of a solar field reduces the
operating cost of the two boilers and thus causes an increase of the investment cost rates. In the gas
boiler, this leads to a higher specific product cost. From an exergoeconomic point of view, the
performances have been degraded by the integration of the solar field for both the overall system and
the gas boiler.

These results highlight that the integration of solar field in a existing DH can lead to a negative impact
on the overall system efficiency. The addition of a seasonal storage and/or an optimisation of the control
strategy could be an interesting solutions to tackle this issue. Furthermore, It would be interesting to
assign an environmental cost to each heat producer, to get a more complete assessment of the solar
field integration impact.
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Nomenclature

A, collector’s aperture area, m? m mass flow rate, kg.s?
a first degree coefficients of the Nigyers  number of discretization layers
1 collector heat losses, W.K1.m=2 n equipment life time, yr
a second degree coefficients of the p pressure, bar

2 collector heat losses, W.K2.m2 i

. Q heat flow rate, kW
C cost rate, €.h? . :

ific cost. €. KWh-L r relative cost difference
c speci , €. .
P _ ) s specific entropy, J.kg*.K!
c effective thermal capacity of T ; ; K
eff collector, J.K-1.m2 emperature,
Cp specific heat capacity, J.kgt.K? t. time, h
Ex exergy flow rate, KW w electrical power, kW
. , 1
Ex exergy, kJ Z ?nvestment cost rate, €.h
ex specific exergy, J. kg? Z investment cost, €
f exercoeconomic factor Greek symbo!s_
G solar irradiance, W. m2 n efficiency o
h specific enthalpy, J.kg™! Mo coIIec_tor_s zero-loss efficiency
L, incident solar irradiance, W.m-2 0 solarincident angle,
i investment rate, % Subscriot
- - ubscripts
K incidence angle modifier P
0 reference state
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amb ambient in inlet

b direct radiation mean mean
biomass biomass boiler op operation
bottom bottom of the stratified storage tank out outlet
coll solar collectors P product
D destruction P1 pump 1
d diffuse radiation P2 pump 2
end end of charging stratified storage tank sd standard deviation
ex exergy start start of charging stratified storage tank
F fuel sun sun
fuel fuel of a boiler tank stratified storage tank
fullLoad  operating at full load top top of the stratified storage tank
gas gas boiler w electrical power
HX heat exchanger w water
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