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Abstract

Utilization of the renewable resources in distheiating systems can reduce the use of fossil
fuels, operating costs and protect the environméntthis study, an integrated hybrid system
consisting of concentrating photovoltaic/thermalllemiors (PV/T), geothermal (GSHP) and
absorption (AHP) heat pumps is considered for idistreating. The thermodynamic performance of
the system at various conditions is explored thihoudetailed simulations. A modified
thermo-ecological cost (TEC) method is used tonoe the structure of the PV/T by considering
contributions of different flows. The results shtvat a higher solar irradiance level and a highér P
coverage ratio have a positive impact on the thenpesformance of the hybrid system. The
TEC-based optimization shows that a 66% PV coveregg® of PV/T yields a minimum
thermo-ecological heating cost of 6.86 J/J, whilslightly lower than cost with a conventional
method. Based on the sensitivity analysis, othgmleeameters except the operating time and the PV
coverage ratio have a negative influence on theaoa performance of the district heating system,

because of the increasing cumulative exergy consampf the GSHP or PV/T.

Keywords: photovoltaic/thermal collectors, district heatirgystem, geothermal heat pump,

thermodynamic performance, modified thermo-ecolalgiptimization

Nomenclature



AHP
CEXE
COP
CPC
EES
GSHP
PVIT
TEC
TES
UTEC

Symbols

DNI

Absorption heat pump

Cumulative exergy consumption
Coefficient of performance
Compound parabolic concentrator
Engineering equation solver
Geothermal heat pump
Photovoltaic/thermal collector
Thermo-ecological cost

Thermal energy storage

Unit thermo-ecological cost

Exergy consumption of process, kWh

Area, nf

Breath of receiver, m

Exergy consumption of non-renewable resource, kWh
Specific heat, J/(kg K)

Direct normal irradiance, W/m

Electricity, kWh

Energy level

Collector efficiency factor

Enthalpy, kJ/(kg K)

Heat transfer coefficient between fluid and pl&w#(m? K)



LMTD

Operation times, hour
logarithmic mean temperature difference
Mass flow, kg/s

Variable coefficient

Pollutant emissions, kg

Penalty factor

Energy, kWh

Temperature, °C

Ideal gas constant

Entropy, J/k

Time, s

Heat transfer coefficient, W/(k)
Volume, n?

Temperature coefficient of PV efficiency
Concentration of LiBr solution
Density, kg/nf

Efficiency, %

Compensation cost, kWh/kg
Ratio

Concentrating efficiency of CPC
Transmissivity of glass

Absorptivity
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1. Introduction

District heating systems can reduce fossil fuelscomption and emissions by utilizing local

Ambient
Absorber
Solar cell
Condenser
Compressor
Energy
Evaporator
Exergy

Fluid water
Generator
Initial cost

K" pollutant
Operation
Outlet/inlet
Absorber plate
Primary energy
™ hour

s" non-renewable resource

Throttle valve
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renewable resources [1]. Among the various renesvadurces, solar heating is a promising
technology, which can reach cost-effectivenessewveral places [5]. There are different types of
solar collectors available for solar heating sustegacuated tube collectors [2], flat plat collesto
[3], and parabolic trough collectors [4].

The intermittency of solar radiation often hampéne wider use of these systems [5].
Therefore, to overcome the demand and supply m@mablar heating systems can be integrated
with other energy technologies such as heat pu®jpsivhich not only provide a more continuous
heat output, but also upgrade the quality of soéaat [7]. In direct-expansion heat pump systenes, th
solar collectors can directly work as the evaparafcheat pump enabling continuous operation [8].
Solar heating systems are can also be used conmplingeto heat pump systems [9, 10]. As heat
pumps need electricity, connecting these to phdtatthermal collectors (PV/T) would also be an
interesting option to reduce the grid electricipnsumption [11]. Typically, ground-coupled heat
pump systems (GSHP) would need less electricity #hg. air heat pumps due to higher energy
performance [12]. In this study, the focus will be the PV/T and GSHP. This kind of system
concept represents new direction in district hegatin

Previous work on similar systems has included thm#rformance and thermodynamic
modelling [13, 14] and different economic [15] atethno-economic [16] analyses. Life cycle
assessments of GSHP coupled to PV/T [17, 18] shdhetdthe life-cycle cost of heating could be
decreased by almost 20% over a service life of &g/ Dual mode systems in which the solar
heating produces the hot water and preheats tligohe® evaporator during the heating season have
also been proposed [19] to increase the systernmpeahce.

There are different approaches to evaluate theopedance of such systems. Among the
evaluation indicators [20], the thermo-ecologicastc(TEC) indicator considers the specific process
from an ecological point of view by determining tbemulative exergy consumption (CEXE). The
basis of the TEC method has been presented in2[Z1and it has recently been applied to fossil
fuels [23], renewable resources [24] including s¢2b] and wind power [26]. TEC has also been
used to analyze the performance of advanced esgsggms such as combined cooling, heating, and
power systems [27], fuel combustion power plant],[z8hd LNG-driven Stirling engines [29].
However, in such conventional TEC analyses, theritartion of different components and flows are

seldom considered.



This study is extended from previous work [30] ot only employing thermodynamic criteria
to assess the thermal performance of the propogsedns, but also optimizing the PV-to-thermal
ratio of the PV/T device, which is the central cament in the present concept, using the modified
thermo-ecological method. Original contributionghe paper include the following:

(1) A novel hybrid system is proposed, which insggs PV/T, geothermal and absorption heat
pumps to utilize local renewable sources effectivel

(2) The original thermo-ecological method is maetifiby considering the energy grades of the
multiply products;

(3) The modified TEC method is used to optimize e coverage ratio of the PV/T unit with
comparison to conventional methods;

(4) A sensitivity analysis against key parameteral$o presented.

The paper is divided as follows: Section 2 deserite hybrid system and its thermal models;
Section 3 describes the evaluation indicators aedntodified TEC method; Section 4 presents the
key results from the thermodynamic analysis andTfB€ optimization; Section 5 summarizes some
crucial conclusions.

2. District heating system
The hybrid heating system including the energy @barts and the thermal models are
described in the next.
2.1 Parameters of building

A sample office building with 500 firooftop area in Beijing (a cold region in Chins)selected
as the case building for the analyses. The weathmmeters (year 2015) are searched in Energy
Plus software [31]. The office building is operatedm 8 am to 8 pm on weekdays. The person
density is 0.1 persons per square meter. Thehetght of the building is almost 11m and the cegilin
height is 3.6m. 30% of the wall area is coveredh®/windows and glazing [32]. A mean setpoint
temperature of 16°C is used as shown in Fig. 1 [BB¢ DesT software [33] is employed to simulate

the hourly heating load shown in Fig. 1. The pea#timg load is 300 kW.
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Fig. 1. Sample weather data and space heatingfoad office building in Beijing (Weather data & 2015 and

source from https:www.energyplus.net [31]).

2.2 Energy flowcharts of the system

The flows of the heating system are shown in Fig.TBe system includes a Compound
Parabolic Concentrator (CPC)-PV/T and AHP, GSHB, HBS units [30].

In the CPC-PV/T, the direct normal irradiance (DM)converted into electricity by the PV
module, while the extra heat is absorbed by tharthecollectors placed behind. The solar thermal
output is utilized to heat the hot water (80°Ctest). After releasing heat in the thermal tanktésB,
TES) and in the absorption heat pump (state 4, AbiPYontrolling the valve V1/1, the returned
water is fed back to the PV/T for the next cycle.

Based on the working principle of the AHP [34], tepace heating water is primarily
generated by absorbing the heat from the solawhtdr (state 4) and the geothermal water (state 18)
During low irradiance or high heating load condisp the GSHP [35] (state 1 or 14) is employed
using geothermal water as heat source (state tL8hould be pointed out that the solar electricity

cannot be fed into the grid meaning that duringhhigadiance conditions some solar electricity
7



could be wasted. The integration of the individoamponents of the hybrid system is relatively

complex and its parameters need to be adjustebhireffective operation.
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Fig. 2. Energy flows of the proposed heating syq@@].

2.3 Models and validation

All mathematical models including the CPC-PV/T [38HP [34], TES [37], and GSHP [35]
are constructed with the Engineering Equation SdZ&S) [38] software.
2.3.1 Photovoltaic/thermal collector

The PV/T unit shown in Fig.3 simultaneously produselar electricity and thermal energy. For
the performance simulation some assumptions ard: uke collector is at the steady state, the
temperature differences collector insolation andh@ PV module are ignored. The PV/T system

model has been described in [39].



Solar cells i

air gap

absorber plate

insulator

tube

Fig. 3 Structure of the CPC-PVT with 25% PV coveragtio [36].

The energy balance equation of the PV cells cagxbesssed as follows:
iy, (7, LR (DN LA, =[U, , [T —T) +U,. [T, —T)] LA, + 7745, DN TA,, 1)
where j7 is the Intercept factor of the CP@;, is the absorptivity of the solar celf, is the
transmissivity of glass,5, is the concentration ratio of CP@MNI is the direct normal irradiance,
N, is the electrical efficiency of PV moduléd,, and A, are the areas of the aperture covered by
the PV module and receiver covered by the PV modwspectively.U,., and U are the
overall heat transfer coefficients of the cell rakaent and cell to plate, respectively,, T, and

T, are the solar cell temperature, ambient tempezatnd absorber plate temperature, respectively.
The solar cell temperature can be calculated as:

9



_ (ar)l,eff +Utc,a I:ra +U
odl U +U

tc,a tc,p

D-P

tc,p

(2)

where (art),; is the product of effective absorptivity of thdasocell and the transmittivity of the

covered glass.

The energy balance of the absorber plate belowYhenodule is expressed as:
7iidy, [ (-2 ) DN (A, +U, o, (T, -T,) A, =F Oy [T, -T ) (A, +U, . [, -T)IA, +714, DN B, (3)

where a, is the absorptivity of absorber plate) is the heat transfer coefficient between the

'tp,a
plate and the ambient without the PV ard®, is the collector efficiency factor anti; is the heat

transfer coefficient between the absorber plateveater.

The absorber plate temperature can be expressed as:

L _l(@7),, +PFa7),, ] DN +U, T, +h, I,
i U+,

where (aT), is the product of effective absorptivity of abserlplate and transmittivity of the

(4)

covered glass,PF, is the penalty factor [39] due to the glass covemodule, andU , is the

overall heat transfer coefficient from the platetbient.
The energy balance of the fluid (water) flowingthe pipes under the absorber plate is as

follows:
. ar, ,
m (G, &:b[ﬂi ([DN [PF, mm')me‘r -Y ,mf(JTf T (5)

where mf is the mass flow rate of fluid water, 0.02 kg/$§][3c, is the specific heat of water,

(ar),.« is the product of the effective absorptivity ofetrabsorber plate and the mixed
transmittivity of the PV module and covered glabs,is the width of the receiverPF, is the

penalty factor due to plate below the module, and, is the overall heat transfer coefficient from

the module to the ambient.

The outlet temperature of the fluid at the end éfrifodule, T, is [39]:

10



PF, lar), m m P
Ty T2 00mt 71 1 exp{ o 4T, (i ©)
l,m mf (c, mf (¢,
where T, is the inlet temperature of water (80°C) [30]
The outlet temperaturél () of the CPC-PVT is calculated as [39]:
PF. [{ar),  [DNI .
To=——( " *Tk —expf e mi] +T, ékp{—Lmi (7

Lc

where PF, is the penalty factor due to the glass covertiergortion covered by glazing.
The electrical efficiency/f_) of PV cell is affected by the PV module temperatand it can be
determined by the following equation [36]:
=1 ML= X [T —To)] 8
where 7, and 7, are the electrical efficiencies in standard artdaaconditions, respectivelyy
is the temperature coefficient of the PV efficierig§].
The solar electricity output from the PV/E(, ;) is defined as:
E.,; =DNI (A, [, 10° 9)
where A, isthe area of the PV cell.
The thermal energy(,, ., ) from the collector is related to the inlet andlettemperatures, and

mass flow rate of the fluid:

Qupvir = rT;f (¢, LT, —T) (10)

The energy and exergy efficiency were chosen fer ghrformance evaluation of the PV/T

based on the first and second law of thermodynamics

+E
N = Qe“’PgT - x100% (12)
en,sol

11



- QEX,PV/T + EPV/T Xloo% (12)

ex,sol

,76x,PV/T

where 77, s Nopvr @re the energy and exergy efficiencies of the R, respectively.

2.3.2 Absor ption heat pump

The single effect AHP is used to absorb heat frobendolar thermal (state 4) and geothermal
water circuit (state 19) to produce space heatiatem(state 9) by heating the returned water (state
13). The strong solution (state a8) and steame(sta) in the AHP is generated in the generator by
absorbing heat from the solar heating fluid. Theast is utilized to heat the space heating water in
the condenser and then it is fed to the evapotatabsorb heat from geothermal water. Water and
the strong solution are mixed with an exothermaction and the resulting reaction heat is used to
preheat the space heating water [34]. The flowobfattie AHP is described in detail in Fig. 4.

The mathematical equations describing the key compis of the AHP are given in Table 1.

Table 1. Mathematical equations for modelling théPN34].

Component Equation

Generator . . . . . . . . ~
Q, = Mg, —m, Lh,, +m, T s me =m,, —m,, ;s mgld,, =m,,L&,, Qg _Ug Dbb |:I]‘M-I-Dg
Condenser .
Q" =M, T, ~h,) QY =UL™ AL LMTDS"
Evaporator . . .
P QeAvZP =m,,th,,—m,,h,, = CIGEnlﬂTlS_Tla;QxP :U:/:P DS\S;P DLMTD:/:P
Absorber . . . . . . . .
Qup =Myt +mygth, o —m, th, ; My =m,+m, mgld, o =m, ¢,
Qp =Ug A, ILMTD,,
Heat . .
exchanger Mux tgllh,g —hg) =mh, s —h,o); Qu =Ux A, ILMTDy,

Space heatin
g Qur=q,+Q*

Table 1 symbols are explained in the followinky; ¢ are the enthalpy and concentration of
each state, respectivelyy,, A and LTMD, are the heat transfer coefficient, heat transfea and
logarithmic mean temperature difference for thecomponent, respectively. The temperatures of

ground source water are set at 37°K;)( and 19°C T) [30]. The subscriptso, eva, ab, HX, g
12



represent the condenser, evaporator, absorber, exeftanger, and generator, respectively. The
subscript numbers are seen in Fig. 4.

The coefficient of performanceCOP,,., ) describes the performance of the AHP:

Parp

AHP
COP - heat (13)
A Q4/5 + Q6/7

where QIF is the space heating output.

—— — ————————————————— ———

r
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SEHHIRIHK,
<

a8|
Space '@ !

Heating ‘t——*———— -

Vale X

ab '
ff—»@—s»

Absorber
R )
S
e tee ettt

Fig. 4. Energy flowchart of the single-effect alpgmm heat pump.

ateret

2.3.3 Geothermal heat pump
The geothermal heat pump (GSHP) provides spacenbeatthigh heating load conditions. The
GSHP is driven by solar or off-grid electricity.

Based on [35], the main equations for describimg@ISHP are given in Table 2.

Table 2. Mathematical equations for modelling tHeHP [35].

Component Equations

Compressor n .
P Eoom = (m choml:RmTchHp _Te(\::z?-ip)) /,7com

GSHP  GSHP GSHP {GSHP
Tes:-iP — (T19 [@7ea Baa™ )/ (MislBys) _T15) / (e(']eva Pea )/ (Mi5(8y5) -1)

GSHP  GSHP GSHP GSHP
TCESHP — (le (@70 o )/ (m2lCer) _TlO) / (e(ﬂoo Ay ) (Mp612) -1)

Throttle valve - " '
hn = hout; mn = mout
13




Condenser .
QGSHP =Qu’ = Co LNy [T, —T,)

co ~ “heat

Evaporator .
Qe\G;HP =Cp Dmlnglg_Tlf)

GSHP

wheren, andR are the variable coefficient and the ideal gasstamt. 77, 775 osp

,and " are

the electrical efficiency of compressor, and heagfer efficiencies of the evaporator and condense
respectively. The subscriptis andcom stands for the throttle valve and compressor.

The COP of the GSHP is given by:

GSHP

COP.qpp = Eheat (14)

com

2.3.4 Thermal energy storage

The solar thermal output (outlet temperature istge80°C) from the PV/T-unit is utilized to
preheat the water (heat transfer fluid) in the T&3. The TES model is simplified by assuming a
well-mixed water tank, i.e. no thermal stratificatiof water. Other assumptions are based on [40].
The mathematical model of the water tank is basef0, 41].

The energy balance of the tank can be described as:

(ch)% = Q= Qo = (UA) 15 (Tres = T,) (15)

where p stands for densityy is the volume of thermal tanl‘(;p is the specific heat of water,

is the average temperature in the thermal tanks the time,Q and Q,, are the solar

TTES out

thermal input and discharged heat, respectivgly.and A_. are heat transfer coefficient and heat

transfer area of the thermal tank.

The discharged energy from the thermal tank cacaelmilated as:
Qou = rni—7Cp (TTES _Tin) (16)

The energy efficiency of the thermal tang () is expressed as [42]:

Tes =/ 22 X100 an

n

2.3.5Validation of the modds

The following validation procedure was adopted {43]
14



(1) In the PV/T-unit, the PV module temperaturecakdted by Eq. (2) is compared with [44]
under the same environmental conditions in (Fiy.[84], and the mass flow rate is 0.012 kg/s. The
RMSE between the two models is 6.6% on averagechwbhows a satisfactory accuracy of the
present model,

(2) The capacity of each component of the AHP dated with the equations in Table 1 are
compared with [34] in Table 3. The external flowsluding the geothermal water, space heating
water, and space heating water are the same &4]inTlhe results in Table 3 indicate relative esror
less than 5%;

(3) The COP of the GSHP is compared to [45] in B{tp) for different preheating temperatures.

Increasing the ground water temperaturg,(in Table 2) corresponds to a higher energy

performance. The RMSE of the comparison is 4.6%chvis for the thermodynamic analysis;

(4) The thermal tank energy efficiency is set t&3@2].
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Fig. 5 Comparision between reference data andthdy: (a) PV/T, (b) GSHP.

Table 3. Comparison of thermal power levels of AHP compadsen

Simulation data, kW Reference data, kW [34]
Generator 2893 2893
Absorber 2741 2769
Evaporator 2317 2250
Condenser 2469 2373

3. Assessment and optimization method
3.1 Assessment criteria
In the following, the assessment criteria usedpaesented.
3.1.1 Energy and exergy efficiencies
(1) Energy efficiency [46]:
8760
2 Q" +QE")
== x100%

Mensys 8760

(2) Exergy efficiency [46]:

8760
2 (B +EXG™)
== x100%

l7®<,ws 8760

> Ex,

r=0

(18)

(19)

where Q,;, and EX,; are the primary energy and exergy consumptiomeeively.r is the rh
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hour of the year.
3.1.2 Modified thermo-ecological cost

The thermo-ecological cost (TEC) method [21, 22based on exergy analysis and is able to
assess the cumulative exergy consumption of speaifiducts. TEC is modified here through the
following assumptions [27]: (1) The impacts of bygucts are ignored; (2) The import construction
materials are ignored; (3) The products are utllioeally.

The balance equation for the TEC analysis is ddfasefollows [27]:

'Eq=§@+2qmq+§%4 (20)
where TEC, is the CExXC of the product of" process, stj is the cumulative exergy
consumption of non-renewable resourcess the s" non-renewable resourcezi:%jTECi is the
cumulative exergy consumption of tie process.zk: PySk is the cumulative exergy consumption

of the environmental losses caused by the harmfibistances.p and & are the pollutant

emissions and compensation cés thek™ pollutant. The compensation costs for the emissare

given in Table 4.

Table 4. Compensation cost of pollutant emissions [47].

Compensation cost Value, kWh/kg
SO 27.17
NOy 19.97
PM 14.84

The energy consumptiobg and pollutant emissionpg during the initial construction and

operation processes are given by:

by =" +b™ (21)
.ini opera 22
Py = Py + Py (22)

where b;.f“ and b;?pe are the hourly non-renewable resource consumptoumsng the initial

construction and operating stagegy’ and p** are the hourly pollutant emissions during the

initial construction and operating stages:
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by" =h{" /L (23)
py' =py /L (24)
where b;“i and pi;i are the yearly non-renewable resource consumptadspollutant emissions

during the initial construction stagd. stands for the yearly operating hours. The enengyt and
material consumption of each component during titél construction stage are given in Tables 5

and 6.

Table 5. Pollutant emissions and electricity consumptiomasd materials [48, 49].

Parameters Material
Steel Aluminum Copper PVC Glass
Pollutant SO 9.7 205.5 17.7 3.4 11
Emissions, g/kg NOx 4.0 94.7 11.5 2.8 3.7
PM 15.0 290.0 - 2.2 7.0
Electricity, kWh/kg 1.7 36.1 1.8 21.9 0.6

Table 6. Material and electricity consumption of system comgnts [48-50].

Parameters Solar collector PV module AHP GSHP TES
Steel, kg/kW 2.5 27.0 18.4 12.9 1.0
Aluminum, kg/kW 1.1 10.5 - 4.7 -
Copper, kg/kw - - - 3.9 -

PVC, kg/kW 4.7 9.2 - - -
Glass, kg/kw 0.8 80.0 - - -
Electricity, kWh/kW 5.9 82.0 11.9 14.0 1.0

Based on the TEC analysis mentioned above, thethitno-ecological cost (UTEC) can be

determined as the ratio of the cumulative exergyamption TEC, ) to the product exergyH; ):

TEC. (25)
UTEC, =—L
Ex.

I

However, for the multi-products devices such asRWéT-unit, theUTEC of the solar hot water
and solar electricity are same, and thus the erexgys between the two products are ignored in the
conventional TEC method [27]. In this study, thesrgy level EL) of the product is considered

through the following equation [51]:
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(26)
gL =2 og7 25
AH AH

where AEx, AH ., and AS are the exergy, enthalpy, and entropy changesecesely.
For each unit in Fig. 2, the TEC is calculatedd®vs:
CPC-PVIT:
(27)
TEC, ,+TEC, =b,, ; +UTEC Ex,+ ; (Pl )ov 1

TEC, .Ex, EL, . (28)
TECEX, . EL,

where UTEC, , is the unit TEC of solar irradiance, 0.02 J/J]{9he subscript numbers refer to the

states in the flowchart in Fig. 2.

AHP:

(29)

TEC, ;5 =Dbyp +TEC, ;+TEC, ,+ z (PeSi) anp
K

TES:

(30)

TEC, ; =bes +TEC, 5+ Z (Pei)res
K

GSHP:

(31)

TEClO—lZ = bGS-|P +TEC1+TEC l4+ z ( pkfk)GSHP
k

It should be noted that due to the lower energglle¥ ground water, the TEC of the ground

water is ignored.

Finally, the UTEC of space heating wateTEC, ,,) can be determined as follows:

UTEC — TECQ—lS + TEClO— 12 (32)
o EX9—13 + EXlO— 12

3.2 Optimization method
The TES-unit can adjust the space heating outputalyorbing solar thermal energy or
discharging heat to the AHP. The capacity of th& HiEso influences the TEC of the space heating
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water. In this study, the heat storage ragg) is used to describe the impacts of the TES, is

expressed as the ratio of the stored heat in tf&tdEhe output heat from the CPC-PV/T:

8760

D Qles (33)

—_r=1
gTES ~ 8760

> Qb
=
In the analysis of the proposed system, the PVremeearea is used as a variable parameter to
adjust the solar thermal and electricity output.eWlthe PV module area is 0, the PV/T subsystem
has no solar electricity output, while the fluidctilation in the PV/T can only absorb heat from the

PV module when the PV/T is fully covered by PV miedurhe PV coverage ratiog(, [1[0,1])

defined as the PV area to the total PV/T arealectsd as a decision variable:

Ao 34

Epy =
Aovrr

Based on the modified TEC analysis in Sec. 3.h&, unit thermo-ecological cost of space
heating water is determined as the objective fon¢tivhich is set as miJ[TECg 1].

The modified TEC optimization procedure is showirig. 6. The environmental, building load,
and technical informations are initialized as ingparameters. The thermodynamic and thermal
models of each unit are constructed next. Basethernitial parameters and models, the modified
TEC analysis is then performed. The optimizatioaiast the decision variable is continued until
satisfies convergence. The quadratic approximatigarithm [53] in the EES software is selected as

the optimization algorithm for the hybrid heatingt®m with a convergence tolerance of' 10
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Fig. 6. Optimization procedure of proposed heasiygfem.

4. Results

The thermal performance analysis and the modifie@ Dptimization is presented in the next.
Before the simulation, the solar collector area Wwesd based on the shading and maintenance area
needed. The available area for the CPC-PVIT is sintD% [36] of the total roof area,
corresponding to max. 168 sets of PV/T-units (tvnitsuare connected in series and 84 units are
installed in parallel).
4.1 Effect of ambient conditions on performance

The performance of the CPC-PV/T affected by the iantband technical parameters has a
strong influence on the overall performance ofghaposed system. To evaluate the performance at
variable conditions, it is assumed that: (1) Thiasthermal energy and solar electricity are fed to
the AHP and GSHP to generate space heating en@gyhe contributions of the TES and the grid
electricity are ignored; (3) The ambient tempemtsrset to 25° C. The performance as function of
the direct normal irradiance and the PV-coverage ra discussed next.
4.1.1 Perfor mance ver sus direct normal irradiance

The PV-coverage ratio is set here to 0.5, i.e., ®%e PV/T area is covered by PV modules.
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Fig. 7(a) shows the performance of the CPC-PV/hwlifferent DNI values. The critical DNI value
under which the thermal collector is not able tivée heat is 325W/mThis is higher than the 286
W/m?reported in [36]. Increasing the DNI from 325 W/ta 1000 W/r, the solar thermal output is
increased linearly from 3kW to 124kW, while the @hd solar electricity raises 130.27%. However,
due to the lower energy level (Eg. 25), the sdiarmal exergy is less than 1/5 of the thermal gnerg
output.

Observing the energy and exergy efficiencies in F{@), both curves show a similar trend: the
efficiencies improve quickly at first with increagi DNI, and then raise up to the maximum values
(48.78% and 15.30%) with a decreasing rate. Ovemthole range of DNI values considered, the
energy and exergy efficiencies raise 347.52% an@9%4, respectively. Compared to [36] with a
70°C fluid inlet temperature, the solar devicehrststudy reaches a lower energy efficiency, but a
higher exergy performance, with the same DNI. Tdason is that with a higher inlet temperature the
solar thermal energy output decreases, but it lpasiéive impact on the exergy output.

The performance of the whole heating system is showFig. 7(b). The COP of the AHP
behaves similarly than the energy efficiency in.Fi@@). The COP increases on average by 0.04 units
for each 25 Wi/rhof DNI increase, because of the higher fluid outfmperature from the solar
thermal unit. The energy and exergy efficienciesrelese 132.67% and 135.09%, when the DNI
decreases from 1000 Wrto 325 W/ni. The exergy efficiency of the hybrid system is% Bue to

the lower energy level of space heating water.
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Fig. 7. Performance versus direct normal irradigiiiiel). (a) Performance of the CPC-PV/T, (b) Perfance of

the AHP and the hybrid system.

4.1.2 Perfor mance ver sus PV-coverageratio
To search the impacts of PV coverage ratio, the DNhis section is determined at 800 V§/m
The PV coverage ratio is varied in the range [0]. I.he simulated results are displayed in Fig. 8.
Differently to the increasing energy output in Figa), the energy output is decreased steeply as

the ¢, raises, although the electricity output incredsas 0 kW to 30.1 kWh. However, the total

exergy output is obviously increased from 19.8 kWwh1.0 kWh, causes by the higher incresing
solar electricity and lower decreasing solar thérexergy. As a result, the energy and exergy
efficiencies trend opposite: The energy efficierncreases 13.83%, while the exergy efficiency

raises 107.18%, with the whole considered range of.
In Fig. 8(b), the COP of AHP decreases by 0.01lemwthe ¢, increases 0.1. The reason is

that the ¢, decreases the outlet temperature of solar hotrwalech results a lower COP of AHP.

Based on the decreasing COP and thermal energy Péfh, the space heating output from AHP
drops linearly as Fig. 8(b) shows. On the otherdhahe heating energy output from GSHP
dramatically raises from 0 kWh to 125.4 kWh. Duethe higher COP of GSHP, the energy
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efficiency of hybrid system increases with imprayig,, , although the heating energy from AHP
declines. Theg,,, also has the positive impact on the exergy efficygand wheng,,, changes 0.1,

the exergy efficiency increases by 0.17.
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(b)

Fig. 8. Performance as a function of the variablecBverage ratio ,{‘PV ): (a) Performance of the CPC-PVIT, (b)

PV coverage ratio
Performance of the AHP and heating system.

4.2 Modified TEC optimization



The yearly environmental parameters and buildirsgi$oare transformed to a design condition
based on the method in [51]. The details are caledwas follows:

(1) The total DNI for the whole year is 1.4 MWinand the DNI in design condition is set at
800 Wi/nf, the annual operation time of CPC-PV/T is 1746rhoThe yearly average ambient
temperature is 12.6° C.

(2) An increasing g, corresponds to an improving wasted solar eletfricThe solar

electricity ratio, g5, is defined as the ratio of the utilized solarceieity to the total solar

electricity, is used to evaluate the useful solecteicity, and it can be determined by the fitting

formula in [30] (2> =-0.4%,, + 1)

PV/T
(3) The nominal capacity of the GSHP is equal torttaximal heating load (300 kW).
(4) The yearly space heating demand is 454 MWhirguhe optimization, the heating load is
first covered by the CPC-PV/T unit and the poss&hertage in heat is then met by the GSHP
worked with full load.

(5) The heat storage ratig,( [1[0.1,1]) is set to 0.1 during the optimization process.

4.2.1 Optimization results

Using the ‘quadratic approximations’ method in E&Stware [38], the optimization result is
displayed in Table 7. The optimal PV coverage ratith modified TEC method is found at 0.66. In
this condition, the optimized unit thermo-ecologjicast of space heating water is 6.86 J/J. The
UTEC of space heating water from GSHP is 9.92alid, it is almost 50 times higher than the cost

from AHP. Compared to the conventional method,héating cost of system is lower by 0.03 J/J. To

validate the result, the variation of UTEC as action of PV coverage ratiog(,, ) is dispalyed in

Fig. 9.

It can be found in Fig. 9 that as the,, increases, the UTEC of space heating water dezseas
quickly to a minimum value, and then as tgg, increases from the critical point (0.66) to 1, the

UTEC increases steeply.

Table 7. Optimization results based on two TEC methods.
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Parameters Modified TEC Conventional TEC
method, J/J  method [27], J/J

PV coverage ratio 0.66 0.66
UTECs.11 (hybrid system) 6.86 6.91
UTECy.13 (AHP) 0.20 0.67
UTEC10.12(GSHP) 9.92 9.79
8.2
8
- Modified method
- | X Conventional method
S 7.6
i
- 7.4
-
7.2 A
7 -~
6.8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0O 01 02 03 04 05 06 07 08 09 1
PV coverageratio

Fig. 9. UTEC versus PV-coverage ration with the ifiedl and conventional TEC-method.

4.2.2 Sensitivity analysis

The optimization results are affected by the chatéhe initial parameters such as operating
hours of the PV/T-unit, TEC-cost of solar irradiarend grid electricity, among others. Therefore, a
sensitivity analysis against these parametergyisiyirelevant and is presented in the next.

(1) PV-coverage ratio

&, Influences the UTEC of the solar hot water anduselectricity, which in turn affects the

TEC of the hybrid system. The UTECs of subsysterashown in Fig. 10. Fig. 10(a) shows that the
modified UTEC of the solar water and solar elediriand the UTEC of the PV/T analyzed with the

conventional method steeply decrease with incrgaBWicoverage ratio. Wheug,,, increases from

0 to 0.3, the modified cost of the solar electyicind solar hot water decrease by 70.19%, and

70.64%, respectively, while the drop is 17.87% omhen calculated with the conventional method.

When ¢, increases from 0.3 to 1, the UTEC of solar eleityriand solar water decrease by 0.33
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J/J and 0.06 J/J, respectively. The modified UTEGadar electricity is higher than that of the
conventional UTEC of the PV/T, while the modifiedlaa hot water cost is lower due to the lower
energy level of hot water.

The space heating water costs of GSHP and AHPhaersin Fig. 10(b). Compared to the

conventional cost, the modified cost of hot watenf the GSHP is higher for the whole range of

&, » While the cost of the AHP output has a similentt than the modified cost of solar hot water in

Fig. 10(a). During the operation of the system, @&HP consumes solar electricity, while the AHP
absorbs solar heat, which has a lower UTEC.

On the other hand, the difference of the UTEC ef @SHP calculated with the modified and
conventional methods is smaller than the corresipgndifference of the AHP. The reason for this is
that the GSHP also uses grid electricity as tharsalectricity contributes much less to the GSHP
electricity, although the UTEC of solar electricis/lower. The fuel in the AHP is solar heat only.

The space heating water cost from the GSHP is erage 36 times higher than that of the AHP.

When ¢, > 0.66, the UTEC of space heating water from tMé¢TPand GSHP decreases

slowly. In this region, the AHP produce less splaeating, while the output from the GSHP increases.

Moreover, the surplus of solar electricity increaseth increasinge,,, due to supply and demand

mismatch. Thus, wherg,,, > 0.66, the UTEC of space heating water for thele/hybrid system is

closer to the cost of space heating water from GSHP
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Fig. 10. Change in the UTEC of the subsystems Riticoverage ratio with the modified and conventiona

TEC-method.

(2) Operating hours

The operating hours are analyzed with an averalge sadiation level of 800W/f and the
variation in the yearly solar irradiance is acceanby varying the operating hours of the CPC-PV/T.
Here, a range of 1000-3000 hours is used.

Fig. 11 shows the UTECs when varying the numbespafrating hours in a year. In Fig. 11(a),
the solar UTECs which steeply decrease over thdemange. Increasing the operating hours by
1000 hours, decreases the UTEC costs of solarrielgctand solar hot water by 14.33%, and
14.42%, respectively. As a result of decreasing absolar hot water, the cost of outlet water from
the TES decreases by 29.91% for the whole rangpearating time (1000 — 3000 hours).

The costs of space heating water of the hybridesygGSHP and AHP) are shown in Fig. 11(b).
Based on the decreasing cost of solar hot watersatat electricity, the UTECs of space heating
water from the AHP and GSHP decrease over the wiaolge by 0.12 J/J and 8.83 J/J, respectively.
This result has also affected to the decreasinmgltod space heating cost for the hybrid system whic

decreases from 9.99 J/J to 1.59 J/J over the wholge.
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Fig. 11. Change in UTEC of the subsystems as &ifumof the operating hours using the modified TE&Ethod.

(3) UTEC of solar irradiance and grid electricity

The UTEC of the solar irradiance and grid eledyiare determined based on the reference data.
These have a higher impact on the UTEC of the G®E€ause the GSHP consumes both solar and
grid electricity. Fig. 12 shows that the UTEC o€thpace heating water from the GSHP and the
hybrid system increases with increasing UTEC ad gtectricity. For each increase of 0.1 J/J of grid

electricity, the costs of GSHP and hybrid systeoraase by 0.27 J/J and 0.18 J/J, respectively. On
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the other hand, when the cost of irradiance ine®éy 0.01 J/J, the cost of GSHP and the hybrid
system increase by 0.15 J/J and 0.12 J/J, resplctior the whole range considered, the lowest
UTEC of space heating is 8.34 J/J (GSHP) and 3J@&ystem), while the maximum UTEC is 12.22
J/J and 8.54 J/J, respectively.

Fig. 12. UTEC of the space heating as a functiotmefsolar irradiance and grid electricity UTEC dRmwlor

corresponds to a higher UTEC, while blue regionmsemlower UTEC).

(4) Heat storage ratio and heating load
Fig. 13 illustrates how the changes in the hediiagl (-30% to +30%) and heat storage ratio

affects the space heating UTEC. As the heat storatie (¢..) increases, the output of space

£TES
heating water from the AHP decreases, and the GSilies more space heating water by
consuming also more grid electricity. As a restiie UTEC of the GSHP increases as the heat
storage ratio increases. With the original healragl (0%), the heating cost of the GSHP and hybrid

system raise by 0.03 J/J and 0.08 J/J, respectivein increases by 0.1 units.

€TES
With an increasing heating load, the space heatiatgr cost of the GSHP and hybrid system

increases with a slowing gradient. Wity _.=0.1, the cost of the GSHP and hybrid system isaea

by 57.43%, and 121.65% over the whole heating taade.
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UTEC, J/J

Fig. 13. Space heating UTEC as a function of tteg s®rage ratio and heating load chafRggion in red color

corresponds to a higher UTEC, while blue regionmsealower UTEC)

5 Conclusions

A novel district heating system is proposed hergrtmuce space heating water for an office
building in China. The system integrates photovotthermal collector (PV/T), absorption (AHP)
and geothermal (GSHP) heat pump technologies. Ro#rgy and exergy performance of the
subsystems are assessed here. A modified thernhogezad cost (TEC) analysis method is utilized
to optimize the PV/T-unit, which could be applicalibr the evaluation of other integrated energy

systems as well.

Comprehensive analysis and optimization of theesyst performed and the key findings are
presented in the following:
(1) A higher solar irradiance level would raise theasdhermal performance, and whole heating
system as both solar collector outlet temperatacesmlar electricity output would increase.
As a result, the thermodynamic performance of tibegrated system would improve.
(2) Raising the PV-coverage ratio improves the eneryy exergy efficiencies. This indicates
that the PV would be more valuable than solar tla&for the heating system.

(3) The optimal PV-coverage ratio is found at 0.66 %68 the PV/T unit covered by PV panels).
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The optimal unit thermo-ecological cost (UTEC) paee heating water is 6.86 J/J, which is
0.05 J/J lower than the cost obtained with the eatienal TEC method. To meet the full
heating load, the system needs to rely on the G&idRing of grid electricity which has a
high UTEC leading to a much higher heating coshwfite GSHP (9.92 J/J) than with the
AHP (0.19 J/J).

(4) The sensitivity analysis shows that except for Phvecoverage ratio and operating hours of
the PV/T unit, increasing the heating load, thet Istarage ratio of the thermal tank, and
UTECs of the solar irradiance and grid electrioitpuld have a negative impact on the
economic performance of heating system. The reasdhat such increases would also
increase the need of grid electricity with a highBRC through the GSHP. It can be concluded
that the UTEC of the hybrid heating system is demsito the operating condition of the

GSHP. Minimizing the grid electricity use would te@ore be a preferrable strategy.

Acknowledgements
This research has been supported by National Negrance Foundation of China (Grant No.

51736006).

References

[1] Huang J, Fan J, Furbo S. Feasibility study olarsdistrict heating in China. Renewable and
Sustainable Energy Reviews. 2019;108:53-64.

[2] Ayompe LM, Duffy A, Mc Keever M, Conlon M, McQmack SJ. Comparative field
performance study of flat plate and heat pipe ea@szlitube collectors (ETCs) for domestic
water heating systems in a temperate climate. n264.1;36(5):3370-8.

[3] Allouhi A, Benzakour Amine M, Buker MS, Kousksd, Jamil A. Forced-circulation solar water
heating system using heat pipe-flat plate collectdtnergy and exergy analysis. Energy.
2019;180:429-43.

[4] Chen QF, Yuan ZX, Guo ZQ, Zhao Y. Practicalfpanance of a small PTC solar heating system
in winter. Solar Energy. 2019;179:119-27.

[5] Sinsel SR, Riemke RL, Hoffmann VH. Challengesl aolution technologies for the integration

of variable renewable energy sources—a review. Rahke Energy. 2020;145:2271-85.
32



[6] Badiei A, Golizadeh Akhlaghi Y, Zhao X, Shit& Xiao X, Li J, et al. A chronological review of
advances in solar assisted heat pump technolo@lsh century. Renewable and Sustainable
Energy Reviews. 2020;132:110132.

[7] Vallati A, Octon P, Colucci C, Mauri L, de Lieto Wollaro R, TalerBnergy analysis of a thermal
system composed by a heat pump coupled with a VAT sollector. Energy. 2019;174:91-6.

[8] Kong X, Jiang K, Dong S, Li Y, Li J. Control rategy and experimental analysis of a
direct-expansion solar-assisted heat pump wateehegh R134a. Energy. 2018;145:17-24.

[9] Liu Z, Liu Y, Wu D, Jin G, Yu H, Ma W. Perfornmae and feasibility study of solar-air source
pump systems for low-energy residential buildings Alpine regions. Journal of Cleaner
Production. 2020;256:120735.

[10] Liu Z, Zhang Y, Xu W, Yang X, Liu Y, Jin G. 8ability and feasibility study on the application
of groundwater source heat pump (GWSHP) systerasitential buildings for different climate
zones in China. Energy Reports. 2020;6:2587-603.

[11] Diallo TMO, Yu M, Zhou J, Zhao X, Shittu S, IG, et al. Energy performance analysis of a
novel solar PVT loop heat pipe employing a microsted heat pipe evaporator and a PCM
triple heat exchanger. Energy. 2019;167:866-88.

[12] Weeratunge H, Narsilio G, de Hoog J, Duns&lHalgamuge S. Model predictive control for a
solar assisted ground source heat pump systemgyer2818;152:974-84.

[13] Sakellariou EI, Wright AJ, Axaopoulos P, Oyid MA. PVT based solar assisted ground source
heat pump system: Modelling approach and sensitarialyses. Solar Energy. 2019;193:37-50.

[14] Sakellariou EI, Axaopoulos PJ. Energy perfonce indexes for solar assisted ground source
heat pump systems with photovoltaic-thermal cotlectApplied Energy. 2020;272:115241.

[15] Abu-Rumman M, Hamdan M, Ayadi O. Performancdancement of a photovoltaic thermal
(PVT) and ground-source heat pump system. Geotber020;85:101809.

[16] Sommerfeldt N, Madani H. In-depth techno-eaoio analysis of PV/Thermal plus ground
source heat pump systems for multi-family houses lireating dominated climate. Solar Energy.
2019;190:44-62.

[17] Xia L, Ma Z, Kokogiannakis G, Wang Z, WangAmodel-based design optimization strategy
for ground source heat pump systems with integrptestovoltaic thermal collectors. Applied

Energy. 2018;214:178-90.
33



[18] Xia L, Ma Z, Kokogiannakis G, Wang S, Gong X.model-based optimal control strategy for
ground source heat pump systems with integrateat pblotovoltaic thermal collectors. Applied
Energy. 2018;228:1399-412.

[19] Chen Y, Wang J, Ma C, Shi G. Multicriteria f@mance investigations of a hybrid ground
source heat pump system integrated with concedtrapl®tovoltaic thermal solar collectors.
Energy Conversion and Management. 2019;197:111862.

[20] Wang J, Han Z, Guan Z. Hybrid solar-assistechloined cooling, heating, and power systems: A
review. Renewable and Sustainable Energy Revie®dZ0;233:110256.

[21] Szargut J. Analysis of cumulative exergy canption. International Journal of Energy Research.
1987;11(4):541-7.

[22] Szargut Jan. Exergy method: technical andaoggchl applications, vol. 18. WIT press; 2005.

[23] Stanek W, Czarnowska L, Pikd&, Bogacka M. Thermo-ecological cost of hard cwaath
inclusion of the whole life cycle chain. Energyl15002:341-8.

[24] Stanek W, Czarnowska L, Gazda W, Simla T. Wmeecological cost of electricity from
renewable energy sources. Renewable Energy. 2(3:871-96.

[25] Szargut J, Stanek W. Thermo-ecological optatian of a solar collector. Energy.
2007;32(4):584-90.

[26] Stanek W, Mendecka B, Lombardi L, Simla T. Eammental assessment of wind turbine
systems based on thermo-ecological cost. Enerdys;260:341-8.

[27] Chen Y, Wang J, Ma C, Gao Y. Thermo-ecologaat assessment and optimization for a hybrid
combined cooling, heating and power system coupledh compound parabolic
concentrated-photovoltaic thermal solar collect&rsergy. 2019;176:479-92.

[28] Gladysz P, Stanek W, Czarnowska L, Stadek ZkSA. Thermo-ecological evaluation of an
integrated MILD oxy-fuel combustion power plant wiCO2 capture, utilisation, and storage —
A case study in Poland. Energy. 2018;144:379-92.

[29] Stanek W, Simla T, Rutczyk B, Kabaj A, Bigki Z, Szczygiet I, et al. Thermo-ecological
assessment of Stirling engine with regeneratorwigd cryogenic exergy of liquid natural gas
(LNG). Energy. 2019;185:1045-53.

[30] Chen Y, Wang J, Lund PD. Sustainability evéilwaand sensitivity analysis of district heating

systems coupled to geothermal and solar resouiestgy Conversion and Management.
34



2020;220:113084.

[31] EnergyPlus Energy Simulation Software.<httsrw.energyplus.net/>.

[32] Wang J, Zhai Z, Jing Y, Zhang C. Influence lgss of building types and climate zones on
energetic, economic and environmental performarafe8CHP systems. Applied Energy.
2011;88(9):3097-112.

[33] DeST development group in Tsinghua UniversBuilding environmental system simulation
and analysis-DeST. Beijing: China Architecture &ilBing Press, 2006.

[34] Song Z, Wang N, You S, Wang Y, Zhang H, WeieBal. Integration of geothermal water into
secondary network by absorption-heat-pump-assidigttict heating substations. Energy and
Buildings. 2019;202:109403.

[35] Wang J, Chen Y, Dou C, Gao Y, Zhao Z. Adjutgierformance analysis of combined cooling
heating and power system integrated with groundcsolieat pump. Energy. 2018;163:475-89.

[36] Wang J, Chen Y, Lior N, Li W. Energy, exergydaenvironmental analysis of a hybrid combined
cooling heating and power system integrated with mpound parabolic
concentrated-photovoltaic thermal solar collect&rsergy. 2019;185:463-76.

[37] Wang J, Dai Y, Gao L, Ma S. A new combined leupy heating and power system driven by
solar energy. Renewable Energy. 2009;34(12):2780-8.

[38] F-Chart. Software, Engineering Equation SoKEES). <http://www.fchart.com/ees/>; 2012.

[39] Arora S, Singh HP, Sahota L, Arora MK, Arya &ingh S, et al. Performance and cost analysis
of photovoltaic thermal (PVT)-compound parabolioncentrator (CPC) collector integrated
solar still using CNT-water based nanofluids. Desdion. 2020;495:114595.

[40] Wang J, Yan Z, Wang M, Song Y, Dai Y. Parantetimalysis and optimization of a building
cooling heating power system driven by solar enebgged on organic working fluid.
International Journal of Energy Research. 2013 37{%165-74.

[41] Wang M, Wang J, Zhao P, Dai Y. Multi-objectieptimization of a combined cooling, heating
and power system driven by solar energy. Energy v@mion and Management.
2015;89:289-97.

[42] Wang J, Lu Z, Li M, Lior N, Li W. Energy, exgy, exergoeconomic and environmental (4E)
analysis of a distributed generation solar-assi€@€#iP (combined cooling, heating and power)

gas turbine system. Energy. 2019;175:1246-58.
35



[43] Chen Y, Hua H, Wang J, Lund PD. Integratedfiqgrenance analysis of a space heating system
assisted by photovoltaic/thermal collectors andugdbsource heat pump for hotel and office
building types. Renewable Energy. 2021;169:925-34.

[44] Tripathi R, Tiwari GN. Energetic and exergetinalysis of N partially covered photovoltaic
thermal-compound parabolic concentrator (PVT-CPGlJectors connected in series. Solar
Energy. 2016;137:441-51.

[45] Li H, Kang S, Yu Z, Cai B, Zhang G. A feasildgstem integrating combined heating and power
system with ground-source heat pump. Energy. 2@124D-7.

[46] Chen Y, Wang J, Lund PD. Thermodynamic perfance analysis and multi-criteria
optimization of a hybrid combined heat and powestayn coupled with geothermal energy.
Energy Conversion and Management. 2020;210:112741.

[47] Nawaz Z, Ali U. Techno-economic evaluation dfferent operating scenarios for indigenous
and imported coal blends and biomass co-firing apescritical coal fired power plant
performance. Energy. 2020;212:118721.

[48] Wang J, Yang Y, Mao T, Sui J, Jin H. Life ay@dssessment (LCA) optimization of solar-assisted
hybrid CCHP system. Applied Energy. 2015;146:38-52.

[49] Jing Y-Y, Bai H, Wang J-J, Liu L. Life cyclessessment of a solar combined cooling heating
and power system in different operation stratedipplied Energy. 2012;92:843-53.

[50] Marinelli S, Butturi MA, Lolli F, Rimini B, Ganberini R. Data on the environmental
performance analysis of a dual-source heat pumprsy®ata Brief. 2020;31:105919.

[51] Wang J, Chen Y, Lior N. Exergo-economic anaysiethod and optimization of a novel
photovoltaic/thermal solar-assisted hybrid combioedling, heating and power system. Energy
Conversion and Management. 2019;199:111945.

[52] Stanek W, Czarnowska L. Thermo-ecological ceSzargut's proposal on exergy and ecology
connection. Energy. 2018;165:1050-9.

[53] Reklaitis GV, A. Ravindran, and Kenneth M. Rdgll. Engineering optimization Methods and
applications. New York Wiley, 1983.

36



Highlights

« Novd district heating system with photovoltaic/thermal collector and geothermal
heat pump.

« Thermodynamic performance at various conditions.

« Modified thermo-ecological cost method to optimize the heating cost.

» Sensitivity analysis against crucial parameters.
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