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Abstract: In line with the decarbonization of the domestic sector to meet the 2050 climate neutrality
targets, this paper describes the energy, economic, and environmental analysis of a set of different
novel configurations of polygeneration installations to provide electricity, air conditioning, domestic
hot water, and desalinated water for a building of 80 dwellings. All arrangements were designed
to cover 100% of the five demands required in the building with renewable energy only, from
photovoltaic (PV) and photovoltaic-thermal (PVT) panels and biomass backup boilers (BB). Electricity
can be sold to or purchased from the grid without electrical storage with batteries. Additional
electricity generation with thermoelectric generators (TEG) coupled to the PVTs, and the BB was
explicitly analyzed. The choice of electrically or thermally activated technologies (heat pump,
HP/single-effect absorption chiller, SEAC for cooling and multi-effect distillation, MED/reverse
osmosis, RO for desalination) created four configurations from the basic structure based on solar and
biomass sources. Thus, the paper has studied four designs in detail and applied them to three case
studies corresponding to different locations in Spain. They were modeled with TRNSYS and included
specific models for desalination technologies. Both structures provide important energy and CO2

savings concerning the conventional supply of the building demands. The novel life-cycle analysis
approach further increases the lifetime CO2 savings for all configurations as well. The electric option
(the combination of HP and RO for cooling and desalting) was, by far, the most attractive solution in
terms of liability and lower investment required in the three case studies.

Keywords: polygeneration; desalination; buildings; renewable sources self-consumption

1. Introduction

In Europe, buildings are responsible for 40% of energy consumption and 36% of CO2
emissions, and similar figures are reported in the United States [1]. The decarbonization of
the building sector by 2050 is an ambitious objective requiring the implementation of energy
transition strategies. To do so, the actions needed to perform that plan must be helped
by regulatory changes and the support for investments in energy efficiency, especially for
existing buildings, in which improvements are easier to reach since present references are
relatively high in terms of energy consumption.

Since 2002, three progressive Directives on Energy Performance of Buildings have
been approved (Directive 2002/91/CE [2], Directive 2010/31/EU [3], and Directive (EU)
2018/844 [4]). This has led to a gradual improvement in enclosures to reduce losses, which
has been transposed into national regulations. Consequently, from 2020, all new residential,
office, and service buildings are expected to be nearly zero-energy buildings. In the next
few years, new rules will try to account for many new and existing decarbonized buildings
by the year 2050. A new directive is currently being drafted, which would limit the use of
fossil fuels for community heating and promote high-efficiency heat pumps. A new energy
rating for buildings is to be upgraded in quality in each country depending on the age of
the building.

To reduce final energy consumption, it is evident that improving the thermal envelope
could lead to significant cuts in demand. It could also lead to better thermal comfort [5].
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Note that around 50% of the primary energy demands in buildings are linked to heating,
ventilation, and air conditioning. Building energy codes (BECs) have been one of the keys
in reducing buildings’ energy consumption. Unfortunately, their effectiveness is based on
their mandatory and enforced nature [6]. This can be shown in comparative studies of
BECs in neighboring countries with similar climate conditions [7,8].

On the other hand, energy demands have to be served more sustainably. A sustainable
and safe solution for a building is a polygeneration scheme that simultaneously produces
electricity, heating, cooling, and freshwater (partly converted into domestic hot water) from
a single or several primary resources. Polygeneration schemes have been used in industry,
in many cases with products other than those described above, and not always using
only renewable energy sources [9,10]. Several studies on providing electricity, freshwater,
and heating and cooling for diverse uses have recently presented sustainable solutions in
isolated and/or rural areas [11–18], coming from solar and biomass resources. In the case
of these four basic demands for a building, the number of scientific references is already
somewhat smaller according to our state-of-the-art review [19–24]. In all cases, simulations
are carried out, including the optimization of their design, their energy, environmental, and
economic analysis, and their sensitivity to the externalities of the proposed plant. Still, there
are no experimental studies analyzing the feasibility of this integrated approach, given its
complexity and the significant investment required.

A polygeneration scheme mainly based on RES heat-producing technologies, such as
PVTs and biomass boilers, is a natural solution since these are the only available renewable
sources in a water-scarce area near the coast. Anyway, at the tail of the scheme, different
options to produce cooling and desalinated water should be checked to find the best inte-
gration. In other words, consuming heat or electricity will lead to different designs for the
same purpose. In most of the previously analyzed papers, only a configuration has been
performed for a case study. Therefore, the main novelty of this paper is the analysis of differ-
ent structures of a polygeneration scheme based on renewable energies, essentially thermal,
to cover the five typical demands of a building of 80 dwellings. The building already has a
good energy standard in its envelope, so the integrated production scheme generates the
minimum energy demand for its occupants. The additional electricity contribution of the
TEGs to the system has also been analyzed as a novelty in the proposed schemes.

Three case studies in Spain have been conducted to compare four configurations for
the same building type. Every combination will differ, using HP or SEAC for cooling and
RO or MED for desalination. In all, 100% coverage of electricity (in annual net balance),
heating, cooling, cold, cold water, and domestic hot water are pursued. Energy analysis
is based on primary energy saving (PESR). Environmental benefits were estimated by
comparing the CO2 emitted by the integrated scheme proposed along its life cycle following
an LCA approach, that is, also including the impact on the materials, transport, and end-
life of the analyzed installation, apart from the operational phase. This approach also
constitutes a novelty since, to our knowledge, it is the first time that it has been applied to
a polygeneration scheme. Economic analysis uses the simple payback period (SPB), net
present value (NPV), and internal rate of return (IRR) of the investment required, as well as
the levelised costs of any of the five covered demands (LCOx).

2. Materials and Methods

This research combines different software to carry out the study. Design Builder was
used to estimate the building demands. EES was taken to model some devices that were
not available in TRNSYS. The former was the core for simulations of the proposed four
polygeneration arrangements. Excel has been used to analyze the performance of each
design based on the monthly results obtained from TRNSYS. Finally, SimaPro was required
to perform the environmental assessment of the four schemes along their life cycle. A
sequential process has been followed to find the results; thus, any modification must be
carefully attended.
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2.1. Building Demands

The building type was located in Spain, a country characterized by its mild climate
and water scarcity. The choice of the typical residential building in Spain has been based on
data collected from the Population and Housing Census [25]. It corresponds to the average
surface of new real estate developments in the expansion areas of medium and large cities.
Their main geometric characteristics are detailed in Table 1.

Table 1. Geometric characteristics of the building type considered.

Parameter Value

Building type
No. of homes

Total number of people
Useful surface per dwelling (m2)

Total conditioned area (m2)
Total area (m2)

Height per plant (m)
Total volume (m3)

No. of floors above ground
No. of floors below ground

Total building height (m)
No. of bedrooms per home

Orientation

Medium/large block of flats
80

240
70

5600
7190

3
21,568.8

11 (10 + ground floor)
0
33
2

North-South

The following figures include a 3D view (Figure 1) and floor plans (Figure 2) of
the building type considered. The floor plan of the building corresponds to a simple
layout with landings every two floors and carpentry oriented to the north and south for
all the dwellings.
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Appl. Sci. 2022, 12, 12992 4 of 23 
 

 

Figure 2. Typical floor plan of the building type. Source: [26]. 

As this article focuses on an integrated energy and water supply solution for the de-

mands, it is assumed that the building meets the best energy efficiency standards. The 

amendments introduced with Directive 2010/31/EU [3] led to an update of the Basic Doc-

ument HE on Energy Saving of the Technical Building Code in 2013 [27], which has to be 

applied to the buildings in the period 2014–2019. Finally, this document was updated 

again in 2019 [28] to include the new requirements of Directive (EU) 2018/844 [4].  

The Spanish regulation included in the Basic Document HE on Energy Saving of the 

Technical Building Code [27] establishes 15 climate zones classified according to their win-

ter (5, from A to E) and summer (4, from 1 to 4) climate severities. They are ranked from 

each zone’s degree days and solar radiation. Three cities were selected for the analysis. 

Two correspond to a specific location in the Mediterranean area, with different heating 

and cooling demands and water scarcity. The third one is an inland location with a higher 

climate severity but not a freshwater shortage, despite being an arid area. They were then 

coded as A4 (Almeria), B3 (Valencia), and D3 (Zaragoza). Table 2 shows a description of 

the leading climate conditions of these localities. 

Table 2. Description of the main climate conditions of the selected cities. Source: [28–30]. 

Zone 1 2 3 

Location Almería Valencia Zaragoza 

Climate zone A4 B3 D3 

Latitude 36°50′ N 39°28′ N 41°39′ N 

Altitude above sea level (m) 0 8 207 

Annual average outdoor temperature (°C) 18.4 17.6 15.2 

Horizontal global solar radiation (kWh/y) 1829 1615 1656 

Average annual wind speed (m/s) 4.1 3.1 4.5 

Average annual temperature of tap water (°C) 15.7 14.6 13.3 

Detailed calculations on the building demands are shown in Appendix A. Table 3 

presents the annual demands based on the hourly estimates following the methodology 

presented in Annex A. Unitary consumptions per dwelling and year are also included in 

the table. 

  

 

 

 
 
 

Height from the floor of the plant (z) and windows dimensions (width x height): W1: z = 1 m, 0.8 m x 1 m; W2: z = 1 m, 1.46 m x 1 

m; W3: z = 1 m, 0.7 m x 1 m. Doors dimensions (width x height): D1: 0.8 m x 2 m. The ground floor consists of four premises instead 

of eight dwellings, four entrance doors (1.4 m x 2 m) to the four portals-stairs and four doors (0.8 m x 2 m) for the entrance to the four 

premises. 

52 m 6.5 m 6.5 m 

5 m 3 m 5 m 

Stair 

landings 

23.4 m2 

W3 

W2      W2           W2      W2 

W1  W1                     W1  W1 

 D1  D1 

1.5m 1.5m 

N 

Dwelling 

left 

70 m2 

Dwelling 

right 

70 m2 

Figure 2. Typical floor plan of the building type. Source: [26].



Appl. Sci. 2022, 12, 12992 4 of 22

As this article focuses on an integrated energy and water supply solution for the
demands, it is assumed that the building meets the best energy efficiency standards. The
amendments introduced with Directive 2010/31/EU [3] led to an update of the Basic
Document HE on Energy Saving of the Technical Building Code in 2013 [27], which has to
be applied to the buildings in the period 2014–2019. Finally, this document was updated
again in 2019 [28] to include the new requirements of Directive (EU) 2018/844 [4].

The Spanish regulation included in the Basic Document HE on Energy Saving of
the Technical Building Code [27] establishes 15 climate zones classified according to their
winter (5, from A to E) and summer (4, from 1 to 4) climate severities. They are ranked from
each zone’s degree days and solar radiation. Three cities were selected for the analysis.
Two correspond to a specific location in the Mediterranean area, with different heating
and cooling demands and water scarcity. The third one is an inland location with a higher
climate severity but not a freshwater shortage, despite being an arid area. They were then
coded as A4 (Almeria), B3 (Valencia), and D3 (Zaragoza). Table 2 shows a description of
the leading climate conditions of these localities.

Table 2. Description of the main climate conditions of the selected cities. Source: [28–30].

Zone 1 2 3

Location Almería Valencia Zaragoza
Climate zone A4 B3 D3

Latitude 36◦50′ N 39◦28′ N 41◦39′ N
Altitude above sea level (m) 0 8 207

Annual average outdoor temperature (◦C) 18.4 17.6 15.2
Horizontal global solar radiation (kWh/y) 1829 1615 1656

Average annual wind speed (m/s) 4.1 3.1 4.5
Average annual temperature of tap water (◦C) 15.7 14.6 13.3

Detailed calculations on the building demands are shown in Appendix A. Table 3
presents the annual demands based on the hourly estimates following the methodology
presented in Annex A. Unitary consumptions per dwelling and year are also included
in the table.

Table 3. Annual energy and water consumption for the same building in the three selected cities.

Location Almería Valencia Zaragoza

Heating demand (HD, kWh/y)
per dwelling (kWh/y·dwelling)

21,449.7
268.1

59,572.9
744.7

101,297.2
1265.0

Cooling demand (CD, kWh/y)
per dwelling (kWh/dwelling)

75,691.8
946.1

46,907.0
587.3

48,271.0
603.4

Electricity demand (ED, kWh/y)
per dwelling (kWh/dwelling)

151,905.3
1888.7

151,905.3
1888.7

236,655.1
2958.2

Freshwater demand (FWD, m3/y)
per dwelling (m3/y·dwelling)

8555.1
106.95

8555.1
106.95

8555.1
106.95

Domestic hot water demand (DHWD, kWh/y)
per dwelling (kWh/y·dwelling)

93,887.0
1173.6

93,887.0
1173.6

150,101.0
1876.26

2.2. System Layouts

The main integrated scheme starts with a solar loop consisting of PVTs, a storage tank
(ST), and a heat sink to avoid overheating (AE). Additional electricity generation to cover
the demands of the building is provided by a PV field and supported by the installation
of TEGs on 50% of the solar aperture of the resulting PVT field. The facility will have the
corresponding inverter according to the absolute power, buying and selling energy to the
grid depending on the demand (ED) and instantaneous production.

The DHW demand is covered by a mixture of the secondary tank (HWDT) and cold
freshwater to serve the required flow rate at 45 ◦C. The heating demand (HD) is covered in
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the same way as DHW, but in this case, it is done at 35 ◦C and returned at 25 ◦C, considering
there is underfloor heating in the building.

The fundamental difference between the configurations analyzed for the three sites
with the same base building is the production of cooling and desalinated water. They may
require either heat, which will come from the secondary tank, or electricity. For cooling (CD),
a single-effect lithium bromide absorption cycle (SEAC) or a high-efficiency heat pump
(HP) connected to an aquifer with a stable temperature (15 ◦C) can be chosen. A membrane
technique (RO) or distillation (MED) is proposed for seawater desalination. The biomass
boiler (BB) allows the secondary tank to maintain a setpoint temperature according to the
cooling and desalinated water demands since they operate at the highest temperatures.
TEGs were also incorporated at its top to produce more electricity for the system.

Finally, a 50 m3 tank (FWT) has been foreseen to regulate desalinated water production
concerning consumption (FWD). The selected cooling technology has a third storage tank
to avoid system start-ups and shutdowns while meeting demand.

Thus, the four combinations analyzed for the polygeneration system differ in selecting
technology for cooling and desalination (whose flows are marked as dashed lines in Figure 3
depending on the chosen technology), as shown in the attached Table 4. In any case, the final
design of each option will be different in terms of the number of PV/PVTs, biomass boiler
power, HP/SEAC capacity, and size of the hot and cold water storage tanks. Moreover, the
setpoints of the boiler and start-up of the thermally activated technologies (MED, SEAC)
may differ slightly depending on the overall integration scheme.
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Table 4. Configurations analyzed in the polygeneration scheme.

Service A B C D

Electricity PV + PVT + TEG
Heating and DHW PVT + (AE) + SP + ST + BB + BP + HWDT

Cooling (CWT+) HP HP SEAC SEAC
Freshwater (FWT+) MED RO RO MED

2.3. System Model

The configurations have been modeled in TRNSYSv18, using its types whenever
possible. There are two unusual situations in this regard: The first is that the regression
models available for the HP and SEAC types have been used to adapt the capacities
required in the installation with variable load performances. The second is that there is
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no specific type for this technology in the case of desalination. Consequently, complex
models were first developed in the EES software for RO and MED. However, given the
slowness of calculation observed when integrating both software, a simplified version of
each technology has been incorporated into the TRNSYS scheme through a new DHW
demand and its return or additional electricity consumption but with fixed performance
parameters (see the next table). In the case of TEGs, a simple EES model was carried out
and then immersed in the PVTs and the BB types as other equations to estimate the power
generation.

The following Table 5 summarizes the essential information of the components in-
cluded in the analyzed configurations. If no parameter number is given, it will depend on
the end design of each composition (Var.). Auxiliary types for integrating variables and
graphical representation have not been included for simplicity.

Table 5. Summary of main components of the TRNSYS installation.

Component Type Parameter Value Unit

Weather 15–6 Slope surface 37 ◦

Tap water 14-a Temperature Var. ◦C

PV 103-b
Module area

Isc at RC
Voc at RC

1.93
9.38
46.2

m2

A
V

PVT 50-a

Module area
Cell efficiency

Collector
absorptance

Cover transmittance

1.63
16
92
89

m2

%
%
%

Aerotherm (AE) 5-g Cooling airflow 285,600 kg/h

TEG – ZT 0.72

Inverter 48-a Efficiency 95 %

Solar loop pipes 31 Overall loss
coefficient 0.3 W/m2·K

Solar controller 113 Cooling setpoint 90 ◦C

Solar pump (SP) 3b Power
Flowrate

Var.
Var.

W
L/h

Solar tank (ST) 156

Capacity
Number of nodes

Overall loss
coefficient

Var.
10

0.35

m3

-
W/m2·K

Demands (5.txt files) 9-c Periodicity Var. h

Hot water demands tank (HWDT) 534

Capacity
Number of ports

Overall loss
coefficient

Var.
Var.
0.35

m3

-
W/m2·K

Biomass boiler (BB) 122
Output power

Efficiency
Minimum load

Var.
80
5

kWth
%
%

Boiler pump (BP) 3b Power
Flowrate

Var.
50·APVT(m2)

W
L/h
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Table 5. Cont.

Component Type Parameter Value Unit

Demand controller 106 Heating setpoint Var. ◦C

Heat Pump (HP) 927

Cooling capacity
Inlet source
temperature

Return temperature
Load flowrate

Source flowrate

Var.
15
12

Var.
Var.

kWcl
◦C
◦C

kg/h
kg/h

Single-effect LiBr absorption chiller
(SEAC) 107

Cooling capacity
Return temperature

Load flowrate
Cooling flowrate

Hot Water flowrate
Cooling temperature

Hot Water
temperature

Operating range

Var.
12

Var.
Var.
Var.
20

Var.
70–85

kWcl
◦C

kg/h
kg/h
kg/h
◦C
◦C
◦C

Cooling water tank (CWT) 156

Capacity
Number of nodes

Overall loss
coefficient

Var.
10

0.35

m3

-
W/m2·K

Multi-effect distillation unit (MED) –

Desalting capacity
Recovery factor
Source flowrate

Source temperature
Operating range

1309
20.65
Var.
Var.

60–82

L/h
%

L/h
◦C
◦C

Reverse osmosis unit (RO) –
Desalting capacity

Recovery factor
Reject factor

3216
45

99.31

L/h
%
%

Freshwater tank (FWT) 39
Capacity

Minimum volume
Level (off-desalting)

50
5

35

m3

m3

m3

The simulation was performed for the entire annual period in the four configurations
and three locations, with a time step of 5 min. Several key performance indicators (KPI)
have been used from the annual results with TRNSYS to evaluate the best alternative
comprehensively. They will be presented next.

2.4. Energy Analysis

The energy KPI selected is the primary energy saving ratio (PESR). It compares the
energy performance of the proposed system (PS) through a comparison with a suitable
reference system (RS). The PS solely considers the demand unattended by electricity from
the grid, because, in all cases, the demand for air conditioning and water is served at 100%.
The RS supposes all demands are produced by conventional technologies based on fossil
fuels and appropriate conversion efficiencies (see Table 6 for details). The PES and its ratio
(PESR) are calculated as shown in Equations (1) and (2):

PES = PERS − PEPS (1)

PESR =
PES
PERS

(2)

PERS =
ED
ηE

+
QSH
ηQ

+
QDHW

ηQ
+

QCL
COPR·ηE

+
WD

SECR·ηE
(3)
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PEPS =
EFG
ηE

(4)

where PES is the primary energy saving, and PERS and PEPS are, respectively, the energy
consumption in the reference and proposed system. ED is the electricity demand of the
building, QSH, QDHW, and QCL are the building’s space heating, domestic hot water, and
cooling demands, and WD is its freshwater demand. Regarding the technical parameters,
ηE is the electric efficiency of the Spanish grid system, and ηQ is the thermal efficiency of
the auxiliary boiler. For the reference system, COPR is the coefficient of performance of the
cooling system, and SECR is the specific energy consumption of the desalting system. EFG
is the electricity demand of the building taken from the grid.

Table 6. Main economic and environmental parameters of the study.

Item Parameter Value Unit(s) Reference

PV Inv. & OM cost 1000, 1 €/kWp, %/y [31]
PVT Inv. & OM cost 200, 2 €/m2, %/y [32]

Water tanks Investment cost 495 + 808·V(m3) € [33]
Inverter Investment cost 180 €/kW [34]

Pumps Inv. & OM cost
419 + 0.03

·Q-2.16·10−8·Q2,
0.5

€, %/y [35]

BB Inv. & OM cost 282, 1 €/kWth, %/y [24,36]
Heat pump Inv. & OM cost 350, 0.5 €/kWcl, %/y [31,37]

SEAC Inv. & OM cost 600, 0.2 €/kWcl, %/y [32,37]
MED Inv. & OM cost 1500, 0.5 €/(m3/d), %/y [38]
RO Inv. & OM cost 800, 1.5 €/(m3/d), %/y [39]
pE,p Price 0.2 €/kWh
pE,s Price 0.08 €/kWh
pNG Price 0.07 €/kWh
pE,b Price 0.052 €/kWh
pW Price 2.0 €/m3 [40]

fCO2,E Emission factor 0.19 kgCO2/kWh [41]
fCO2,NG Emission factor 0.204 kgCO2/kWh [42]

r Interest rate 2 %
COPR Efficiency 2.6 – [43]
ηE Efficiency 0.42 – [44]
ηQ Efficiency 0.92 – [43]

SECR Specific cons. 4 kWh/m3 [40]

2.5. Economic Analysis

The simple payback (SPB) has been selected first in this section. It is calculated as the
ratio of the total capital cost and the savings achieved by PS concerning RS. In particular,
25 years of a lifetime is considered.

SPB =
TIPS
ASPS

(5)

ASPS = OCRS −OCPS (6)

In Equations (5) and (6), SPB is the simple payback of the investment, TIPS is the
total investment in the proposed system, ASPS is the annual saving in the proposed sys-
tem, and OCRS and OCPS are the operating cost in the reference system and proposed
system, respectively.

The yearly economic saving of the proposed system takes into account the economic
gains concerning the reference system. In RS, electricity is provided only by the national
grid. On the other hand, in PS, the electric user load is matched by the PV, PVT, and TEG in
an overall yearly balance, but sometimes the electricity is supplied by the grid. Moreover,
different prices are found when electricity is purchased or sold to the grid. A fee for natural
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gas, biomass pellets (assuming a fixed low heating value, LHV), and water from the grid
is also necessary to establish the annual cost of the reference facility to compare with the
proposal (see Table 6). The yearly operating costs (OC) also include a percentage of the
investment required for each central technology as a maintenance cost. These investment
and installation costs for each technology have been taken from the bibliography of similar
studies and are also compiled in Table 6.

TIPS = CPV + CPVT + CINV + CST,DHT,CWT + CSP,BP + CBB + CHP/SEAC + CRO/MED (7)

OCRS = ED·pE,p +

(
QSH
ηQ

+
QDHW

ηQ

)
·pNG +

QCL
COPR·ηE

·pE,p + WD·pW (8)

OCPS = EFG·pE,p − ETG·pE,s + EB·pE,b + OMPV,PVT,BB,HP/SEAC,RO/MED (9)

The right side of Equation (7) includes the investment costs of all the devices compos-
ing the system: PV field, PVT field, inverters, solar, demand hot water and cooling water
tanks, solar and boiler pumps, biomass boiler, selected cooling technology (HP or SEAC),
and chosen desalination technology (RO or MED). To focus on the comparative analysis of
alternative production systems, the cost of the distribution system to the dwellings is not
included, nor is the assembly of the central drive system itself. In Equations (8) and (9),
to provide the operating costs of the compared alternatives, the terms pE,p, pNG, and pW
are the purchase cost of electricity, natural gas, and water from their respective grids. On
the other hand, pE,s is the electricity price of surplus electricity, EB is the energy supplied
by the biomass boiler, pE,b is the purchase energy cost of biomass pellets, and OMx are the
operating and maintenance costs of the x technology.

As an additional economic indicator, the levelized costs of each demand (LCOx) have
also been estimated. Taking into account that some driving technologies provide energy for
several demands, heat (and even electricity) and distribution factors (fE,x and fQ,x) based
on the electrical or thermal energy required for each need concerning the total produced by
the system must first be estimated. As an example, the estimation of the LCOW is shown.
Note that it is one of the most complex demands to assess at the tail end of the integrated
system. The total cost, O&M, and energy required for the desalination plant also consider
the upstream equipment’s fractional costs, with the distribution factors described above.

LCOW =

[
Cw + ∑25

n=1 OMw·(1 + r)−n
]

∑25
n=1 Ew·(1 + r)−n (10)

In Equation (10), CW is the total investment cost associated with water, OMW is the
total cost for O&M associated with water, r is the rate of return, and EW is the total energy
required for water, depending on the seawater desalting facility adopted.

Finally, the internal rate of return (IRR) and the net present value (NPV) of the invest-
ment have also been estimated as fundamental economic indicators.

2.6. Environmental Analysis during the Operational Phase

Similarly, the environmental analysis was first checked by using a KPI based on
the calculation of the saving in CO2 emissions (∆CO2) and its ratio (CO2R) as shown in
Equation (11) to (12):

∆CO2 = CO2,RS − CO2,PS (11)

CO2R =
∆CO2

CO2,RS
(12)

CO2,RS = ED· fCO2,E + (QSH + QDHW)· fCO2,NG +
QCL

COPR·ηE
· fCO2,E + WD·SECR· fCO2,E (13)

CO2,PS = EG· fCO2,E (14)
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In these equations, the values of the CO2 produced in the reference and proposed
systems (CO2,RS and CO2,PS) used the CO2 emission factor for electricity generation in
Spain (fCO2,E), and the CO2 emission factor for heat provided by natural gas combustion
(reference, fCO2,NG). These factors are also presented in Table 6.

2.7. Lifecycle Environmental Performance

The environmental KPI mentioned above does not consider the CO2 emissions along
the life cycle of the installations proposed. Furthermore, their values are similar to those
found with the PES, especially when CO2 factors for electricity and natural gas combustion
are similar (that is the Spanish case).

Therefore, the life cycle assessment (LCA) of the proposed installations and the al-
ternative reference to cover the building demands have been analyzed in detail. In this
manner, the environmental impacts of the proposed solution are compared by considering
the whole life cycle of the alternatives. That is, they included the impact associated with
the construction and transport of the materials used in each technology as the end phase
after the installation dismantle. Those impacts are added to the impact generated during
its operation, which is usually the easiest to estimate (see the previous section), in order to
give a more comprehensive vision of the environmental burdens. Despite its complexity,
this method is being progressively introduced in the thorough analysis of experimental
solutions based on RES for this purpose [45–47], but never for a polygeneration scheme
providing five services.

The LCA requires the selection of a life cycle impact assessment method (LCIA) that
evaluates, through diverse impact categories (in the mid- or end-point vision), which are
grouped into three damage categories (human health, ecosystems, and resources depletion),
the environmental impact of the resources supplied or consumed in the life cycle of the
product analyzed. Thus, several steps are compulsory to carry out to perform this LCA.
First, a functional unit must be defined, and the system limits must be clearly marked.
Second, a complete inventory with the list of the materials used and resources consumed
in the life-cycle time of the system has to be completed. Third, an LCIA method is usually
selected from existing software. Finally, a critical analysis of the results found and further
recommendations from the environmental penalties of the study are desirable, this being a
non-mandatory phase after the previous ones.

The functional unit here is a rather complex issue. Considering that five demands
are produced (heating, cooling, domestic hot water, electricity, and water), the functional
unit is the installation itself, which makes 100% of the five demands throughout the
year. In any case, it is possible, through the consideration of the equipment involved in
the production, to assign an impact for each demand (in % of the total) and per unit of
demand (kWh, or m3).

Regarding the life cycle inventory (LCI) of this study, since each option A, B, C, or
D incorporates a different number of units of PV, PVT, etc., the inventory of materials
and transportation, as well as their final destination, has been carried out for each of
these units. In this way, it is easier to build the total inventory for the four alternatives
in the LCA software SimaPro v9.0. As a general rule, the Ecoinvent database (EIDB [48])
has been used to compute the emissions generated by the various materials and other
databases using European standards (ELCD [49]). The transport required for the equipment
depends on the distance to the supplier. This value may vary if there is another data source
for similar equipment in terms of performance. Concerning the end-of-life phase, the
most conservative option of landfilling the entire facility has been chosen in line with
other studies [45]. The following table shows the global inventory of the four alternatives,
grouped by the different equipment involved in each configuration. It includes the data
source to perform such a list for the various equipment. For each technology, the inventory
of similar equipment from published studies or selected from internal databases has been
taken as a basis and then extrapolated to its final capacity in each configuration (see
Table 7). In the conventional case, only one natural gas boiler is included, and the impacts
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of electricity (low voltage, LV) and water will be taken from 1 kWh and 1 m3 obtained from
the aforementioned databases.

Table 7. Reference items to perform the LCI of the four options and the conventional supply.

Item Reference Capacity Unit km Truck km Ship

PV [45] 320 Wp 300 16,500
PVT [45] 320 Wp 20 –

Aerotherm [50] 24 kWth 150 –
Inverter [45] 2.5 kWe 1892 –

Water tanks [50] 2000 L 100 –
Water pumps [48] 40 W 20 –
Heat Pump [48] 10 kWcl 1500 –

SEAC [50] 19 kWcl 2500 200
MED [51] 2.8 m3/d 50 –
RO [40] 35 L/h 500 1000

Piping [45] 5 kWp 300 –
Wiring [50] 3 kWp 1500 –

Expansion vessel [48] 80 L 150 –
Foundations (solar field) [48] 260 Wp 80 –

Biomass boiler [48] 50 kWth 50 –

Natural gas boiler [47] 300 kWth 900 –
LV Electricity, Spanish grid [48] 1 kWhe – –

Heat demand (to a DH) [47] 1 MJ – –
De-ionized water by RO [48] 1 L – –

When choosing an environmental impact assessment method and considering the
previous KPI analysis with the CO2 savings in operation, we have opted for a simple but
well-recognized LCIA method in the more generalist field, such as the IPCC 100-year GWP
method that computes in kg of CO2 equivalent. It is a single-indicator method. In any
case, the analysis of the installation has been considered for 25 years, after which all its
components should be replaced.

3. Results
3.1. End Design for Each Option

Given the complexity of supplying five demands at 100%, the optimal configuration
for each site (1–3) and technology selection (A–D) imply a different final design. Most of
them correspond to the Var. values included in Table 5, which also contains the technical
data of each technology. The following table summarizes the final design required for each
case, the objective being to cover all demands at around 100%. However, in the case of
electricity, this is done through an approximated annual net balance with the grid. For
cooling, the buffer tank also prevents covering precisely 100% of the demand (see Table 8).

Table 8. The final design for each proposed configuration (A-D) and site (1–3).

Item Location A B C D

Number of PV panels
1
2
3

210
210
300

320
320
430

270
270
370

210
210
325

Number of PVT panels
1
2
3

180
190
300

60
70
90

140
140
200

160
160
200

TEG capacity (kWp)
1
2
3

1,20
1.23
2.00

0.40
0.44
0.92

1.06
1.07
1.67

1.13
1.13
1.67
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Table 8. Cont.

Item Location A B C D

BB nominal capacity (kWth)
1
2
3

300
300
500

100
100
300

300
300
500

300
300
500

BB setpoint temperature (◦C)
1
2
3

75
75
75

55
55
55

80
80
78

82
82
82

Solar tank capacity (m3)
1
2
3

10
10
15

7
7

10

10
10
15

12
12
18

Hot water demand capacity (m3)
1
2
3

10
10
12

5
5
8

10
10
15

12
12
18

HP/SEAC capacity (kWCL)
1
2
3

120
80
80

100
70
70

150
105
100

170
140
140

Coldwater tank capacity (m3)
1
2
3

5
5
5

7
7
5

7
7
7

10
10
10

Electricity annual demand coverage (%)
1
2
3

99.7
100.3
100.7

102.3
102.1
100.2

102.2
101.5
100.5

101.5
101.1
101.1

Cooling annual demand coverage (%)
1
2
3

101.9
103.1
101.7

99.7
99.9

101.2

98.9
100.7
99.8

99.5
102.0
101.9

The comparative analysis by configuration and location of the results presented in the
table above is summarised below.

• The solar field required for Zaragoza (3) is higher than Almería and Valencia (see
annex A for details) to cover its higher electricity and DHW demand. Moreover, its
heating demand is also higher due to its continental climate.

• A much larger solar field with PVT, a boiler, and hot water tanks is necessary when the
desalination technology is the MED, and to a lesser extent, when the cold production
comes through the SEAC. That is, options D and A require a higher dimension of the
thermal supply side than the others.

• In that case, the share of PV and PVT is reduced for the first technology to complete
the electricity demand.

• The PVT required in configuration A (HP and MED) is higher than the theoretical
maximum one (configuration D) for each location. This is mainly due to the lower
setpoint temperature of the BB, which was adjusted only to activate the MED.

• Rapidly following thermal demand sometimes forces a biomass boiler to upsize.
However, the BB is a modulable device, and the equivalent number of operating hours
may differ significantly for the same capacity. Especially in the spring and autumn
periods where cooling is unnecessary, it is really underutilised.

• The heat demand required by the SEAC matches better with the solar resource in sum-
mer. Thus, its choice does not provoke a substantial increase in the final configuration
(number of PVT panels) needed to cover the cooling demand.

• Heat-activated technologies provide better control to avoid overheating and, therefore,
the use of the dissipative device (AE). When the option only requires low temperatures
(case B) to cover the heating and DHW demands, the highest portion of exhausted
heat was found when setting up 55 ◦C in the boiler.
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• According to its technical characteristics, the response to cold demand is slower for
the SEAC than for the HP. This means that higher capacities and associated CWT are
required for the same purpose. Almeria (1) had the highest cooling capacity for both
options due to its most demanding summer weather.

Regarding the impact of the electricity supplied by the TEGs, we must say that is
almost irrelevant. First, it should be clarified that the capacity finally installed in each
configuration (see the third block of Table 8) depends on the size of the PVT field and the
boiler. In addition, the production in the boiler also depends on its operation. Experimental
tests carried out by the authors [52] measured the low ∆T available in the PVTs, which is not
enough to work with appreciable conversion efficiencies in this device. This means that TEG
in PVTs is less than 0.5% of the total electricity generated by PV and PVT fields, respectively.
In the case of BB, tests integrating TEGs [53] indicate that the hot temperature is maintained
at 300 ◦C in its operation, and the cold side depends on the service temperature. Therefore,
it is possible to obtain more electrical generation with better efficiencies (up to the 1%
of the total demand, see the fourth block in Table 9). In any case, it is much less than
the specific one of photovoltaic technologies. The following table shows the electrical
generation fractions of each technology analyzed.

Table 9. Gross electricity fraction obtained by each power technology.

Electricity Generator Location A B C D

PV
1
2
3

73.82
72.66
72.41

96.82
95.34
95.95

85.04
85.38
85.36

76.32
77.00
82.00

PVT
1
2
3

31.22
32.38
32.73

8.56
10.04
9.46

20.27
19.94
19.97

28.82
28.15
23.23

TEG in PVT
1
2
3

0.51
0.5

0.40

0.17
0.17
0.14

0.25
0.23
0.22

0.42
0.40
0.32

TEG in BB
1
2
3

0.85
0.88
0.57

0.11
0.13
0.16

0.24
0.23
0.22

0.98
0.98
0.72

3.2. Performance Analysis

Once the designs for each site and configuration have been presented, the results
from the KPIs and the LCOx of each demand establish the best arrangement, with slight
variations in the results according to the three sites analyzed. These results can be seen in
the following Table 10.

Table 10. Performance analysis of the proposed configurations for each site.

KPI Parameter Location A B C D

Primary energy saving ratio (PESR)
1
2
3

0.640
0.648
0.683

0.646
0.654
0.683

0.651
0.658
0.685

0.645
0.652
0.682

CO2 emissions saving ratio (CO2,R)
1
2
3

0.720
0.746
0.778

0.726
0.750
0.778

0.733
0.755
0.781

0.728
0.751
0.779

Total investment (TIPS, €)
1
2
3

348,256
338,021
477,903

293,445
286,710
398,157

421,824
394,825
519,016

408,448
390,299
517,594
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Table 10. Cont.

KPI Parameter Location A B C D

Annual saving (ASPS, €/y)
1
2
3

21,679.5
8484.1

34,821.7

48,177.6
46,729.8
62,266.6

39,278.6
40,209.3
55,296.9

9415.0
10,391.4
24,635.5

Simple payback (SPB, years)
1
2
3

16.06
39.84
13.72

6.09
6.14
6.39

10.74
9.82
9.39

43.38
37.56
21.01

Levelised cost of electricity (LCOE,
€/kWhE)

1
2
3

0.035
0.037
0.037

0.033
0.036
0.035

0.038
0.038
0.038

0.041
0.042
0.039

Levelised cost of heating (LCOSH,
€/kWhH)

1
2
3

0.013
0.012
0.017

0.029
0.023
0.030

0.035
0.036
0.040

0.011
0.011
0.014

Levelised cost of DHW (LCODHW,
€/kWhH)

1
2
3

0.013
0.012
0.017

0.029
0.023
0.030

0.035
0.036
0.040

0.011
0.011
0.014

Levelised cost of cooling (LCOCL,
€/kWhc)

1
2
3

0.041
0.048
0.045

0.039
0.045
0.041

0.126
0.137
0.139

0.095
0.120
0.123

Levelised cost of water (LCOW, €/m3)
1
2
3

1.237
1.204
1.558

0.593
0.598
0.587

0.597
0.598
0.589

1.079
1.083
1.363

The analysis of the above table is detailed below, row by row.

• From the point of view of the PESR, all configurations yield similar data (0.64–0.68),
and the remaining is due to the net electricity balance in periods of higher demand
than production. Zaragoza has the best PESR due to its higher demands, followed by
Valencia and, finally, Almería, with the lowest overall needs (see Table 3).

• A similar pattern was found with CO2 savings. All configurations and alternatives
also show similar relative values to PESR. A higher value is found (0.72–0.78) since
natural gas emission factors exceed the Spanish grid’s electricity factor (see Table 6).

In the economic analysis, the major findings are:

• The highest investment is found in option C, due to the largest solar field required and
the SEAC cost. Option B requires the minimum investment. MED technology is, in
general, expensive but used throughout the year.

• However, electrically activated technologies (HP and RO) have better energy perfor-
mances. The use of thermal energy displacing PV to PVTs is penalized electrically. In
addition, a high number of operating hours of the boiler are needed to maintain the
required temperature for MED (throughout the year) and SEAC (in summer). This
makes the cost of pellet supply the most significant component of expenditure in the
polygeneration installation, thereby reducing the annual savings significantly.

• Thus, the highest annual savings was found with the B option (HP + RO), then option
C is the second in this term (SEAC + RO), followed by A (HP + MED), and finally, D
(SEAC + MED).

• Therefore, by combining investment and annual savings, the order found according to
the feasibility of configurations (measured in terms of the SPB) is relatively straight-
forward: option B is the best option (HP + RO), followed by option C (SEAC + RO),
option A (HP + MED), and finally, option D (SEAC + MED).

The analysis of internalized costs requires a particular study:

• Similar and attractive costs were found for electricity production in both configurations
(less than 0.04 €/kWh), coming from the PV + PVT field.
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• As heating and DHW demands take the heat from the same tank (DHWT), equal costs
are found.

• Lower costs for heat are estimated if thermally activated technologies take part in the
configuration. This is because heat infrastructure is divided into additional demands
(MED and SEAC).

• Cooling provided by HP is cheaper (about one-third) than using the SEAC for the
same purpose. This is explained by its respective COPs, despite the higher cost of
electricity versus heat.

• The same was found for freshwater provided by RO against MED, taking into account
the SEC values of both alternatives.

Anyway, the lower costs found in HD and DHW do not compensate for the remaining
services, and B is globally the more profitable solution for the three buildings.

3.3. Sensitivity to Externalities

The above results for the base scenario take economic data on the prices of the demands
served and the performance and costs of the equipment set by the (Spanish) regulations
or taken from the scientific literature. But as expected, the effect of externalities on the
polygeneration plant liability is significant, such as the purchase and sale prices of electricity,
natural gas, and biomass. However, the interest rate was not found as a crucial parameter
for the SPB. The following Figure 4 shows a sensitivity analysis of two selected parameters,
which demonstrates the above. In any case, it must be remembered that in the annual
savings section, the possible avoidance of CO2 has not been considered as income; therefore,
in the current context of decarbonization, some details not considered in the study (O&M
of some equipment piping, etc.) can be compensated in the applied economic balance.
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Figure 4. Sensitivity analysis of the proposed configurations for each site: SPB (years) as a function
of the biomass pb (0.04, 0.052, 0.064) and electricity purchase ep prices (0.15, 0.20, 0.25) in €/kWh for
the three locations (1–3) and four configurations (A–D).

3.4. Environmental Life-Cycle Analysis

The life-cycle analysis of the polygeneration facility has only been carried out due to
the extensive complexity and as a comparative example to the results previously obtained
in Table 10 with the main energy, economic, and environmental KPIs on site 2 (Valen-
cia). Table 11 shows the more interesting results from the applied LCA, especially the
associated emissions in the life cycle of the installation for each one of the five demands
covered in the study.
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Table 11. Total emissions (in kgCO2eq) of the polygeneration scheme.

Items Conventional A B C D

PVs – 45,738.7 69,697.0 58,806.8 45,738.7
PVTs – 51,342.6 18,915.7 37,831.4 43,235.9

Aerotherms (AE) – 23,081.3 8503.6 17,007.3 19,436.9
Inverters – 6822.4 10,396.1 8771.7 6822.4

Water tanks – 2425.0 18,430.0 26,190.0 32,980.0
Water pumps – 653.3 284.8 904.5 938.0
Heat pump – 14,480.0 12,670.0 – –

SEAC – – – 6742.1 8989.5
MED – 57,571.4 – – 57,571.4
RO – – 33,828.6 33,828.6 –

Piping – 1493.7 550.3 1100.6 1257.8
Wiring – 3328.6 5072.1 4279.6 3328.6

Expansion vessels – 627.6 231.2 462.5 528.5
Foundations (solar field) – 23,650.2 22,439.7 23,947.3 21,791.8

Biomass boiler – 40,380.0 13,460.0 40,380.0 40,380.0
Total polygeneration – 293,419.8 214,479.1 260,252.3 282,999.5

% materials 94.55 93.44 92.87 93.35
% transport 0.98 1.75 1.69 1.39
% end life 4.47 4.81 5.44 5.26

Electricity (from the grid) – 162,000 159,000 152,000 155,000

Natural gas boiler 67,455 – – – –
LV Electricity, Spanish grid 723,650 – – – –

Heat, from DH network 942,510 – – – –
De-ionized water by RO 1,803,830 – – – –

kgCO2,eq/m3 1.670 0.701 0.322 0.326 0.666
kgCO2eq/m3

DHW 6.314 0.219 0.488 0.667 0.201
kgCO2eq/kWhH 0.188 0.006 0.013 0.018 0.005
kgCO2eq/kWhC 0.537 0.026 0.023 0.036 0.017
kgCO2eq/kWhE 0.477 0.067 0.060 0.061 0.068

The results are overwhelming in terms of the minimal impact (1 to 10 approximately)
of the four polygeneration schemes using renewable energies, even though by using a net
electricity balance, it is necessary to take a significant amount of electricity from the grid,
which computes the environmental impact in the same way as the conventional solution
that uses the external supply of the demands. It is also worth noting the low contribution
of the transport of the equipment and its dismantling after 25 years of operation.

With respect to the unit emissions obtained for each demand, it can be observed that
it presents similar patterns to those obtained for the LCOx, in the sense that the MED
technology has a more significant environmental impact within the integration, and the
use of SEAC for the production of cold also concerning the use of HP. It is important to
note that for the four schemes, the unit impact of kWh electricity is very similar and that
producing heat has a lower impact than the rest of the demands, as it is the first source
of secondary energy produced from the sun. In any case, the unit values are generally an
order of magnitude lower than the emissions of the conventional alternative.

4. Discussion

The first consequence of this configurational analysis is the appropriate selection of
the number of PVs or PVTs in the solar field to meet downstream demands. Although
PVT technology has a higher overall performance than PV since it also produces heat
simultaneously, it could not be the best solution. Suppose such heat serves a demand
that can be generated with an electrical technology of lower equivalent consumption and
lower investment cost. In that case, it does not justify the purely thermal integration for
a polygeneration scheme, including desalinated water. This case is clearly shown in our
comparative analysis A-D, when HP and RO are used to produce cooling and water with
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an electrical rather than thermal technology. This is especially the case when using MED to
cover water demand, as it overstretches the required solar field too much compared with
having RO as an alternative. The subject of SEAC is more compatible with the higher solar
input in summer, and its effect concerning an HP is lower than in the case of desalination.

In any case, it is important to note that this four-option analysis arises from the
selection of desalination and cooling technologies. Therefore, this optional analysis is
meaningless outside the scope of an area with water scarcity and similar building cooling
and heating demands.

At this point, it is worth remembering that this analysis focused on polygeneration
with equipment that produces thermal energy, particularly those equipped with the possi-
bility of integrating TEG devices within them to provide free electricity generation. Finally,
it should be remarked that the TEG devices integrated with the PVTs and the BB do not
represent a substantial additional advantage in electricity generation. They only contribute
a mere 1.5% to the generation obtained with the PVs and PVTs, and they are a dispensable
option in any proposed configuration.

This analysis covers three locations within Spain, which essentially influence the
required air conditioning demands and the appropriate building standards to meet a
similar energy efficiency (see annex). In any case, the values obtained for the KPIs are
pretty similar for all three, with the choice of cooling and water technologies leaving
the best integrations in terms of liability. The 100% RES solution (that is, not using an
energy balance with the grid and using (or not using) energy storage systems, ESS) has
not been included here for economic reasons. Still, the authors have also studied it for an
isolated domestic dwelling [54,55]. In these analyses, the polygeneration configuration only
includes PVT panels, the RO being the desalination technique but including the desiccant
wheel (SDW) as the cooling system. In addition, the economy of scale criterion is met; the
required configuration and its feasibility were worse than those obtained here, giving a
more extensive installation and worse SPB.

The economic analysis started from an energy price scenario (the end of 2021 in Spain)
that has changed significantly from then. With the current trend in the energy sector, it is
true that it predicts an increase in biomass costs, which reduces the viability of this basic
configuration (see Section 3.2). However, the rest of the parameters favor the schemes’
viability with respect to the values initially estimated in Table 6. These include the price of
natural gas, the price of buying and selling electricity, as well as the unit investment costs
of solar panels and biomass boilers. Suppose we also include as income the CO2 avoided
(with data from the CO2 emissions trading market) with their alternative operation with
respect to the supply from conventional grids. In that case, the results obtained can be
considered clearly conservative. Therefore, this trend dramatically encourages the liability
of those integrated schemes based on RES and efficient energy management. In short,
the promising environmental and energy KPIs found in this preliminary assessment will
undoubtedly be improved with the corresponding economic ones in the following years.

As for the reliability of the results, unfortunately, it is impossible for the authors
to make any reasonable comparison with other references, given that the configurations
analyzed do not coincide with the rest of the proposals. Moreover, as previously mentioned,
the external input parameters significantly affect these values. Even in defining some
parameters, the criteria applied are not precisely the same. Despite this limitation, we
consider that given the complexity of the simulations performed, their reduced time step,
and the verification of the internal temperature profiles of the scheme allow us to ensure
that the results obtained have very reasonable reliability.

Finally, it is worth highlighting the contribution made by the novel life-cycle analysis
applied to these polygeneration facilities, in the sense that its results further improve those
obtained with the study of the operation in terms of CO2 avoided. It, therefore, reinforces
the idea that distributed generation of services close to consumers is a more sustainable
solution in the long term.
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5. Conclusions

A 3E (energy, environmental, and economic) analysis was performed for a set of novel
polygeneration configurations based on thermal technology (PVT, TEG, and biomass boiler,
BB). Each arrangement could produce cold and desalinated water from heat or electricity,
thus having four different polygeneration schemes based on solar and biomass energy.
This analysis was tested for two similar sites on the Mediterranean coast in Spain and the
same building site in a more continental climate. An LCA approach was also added to
include the environmental penalties associated with the installation’s construction and end
phase, apart from the CO2 saved in the operation phase with respect to a conventional
supply based on external grids. The results found from the three analyzed case studies are
presented next:

• The four schemes present good values for PESR and CO2R (around 0.65 and 0.75,
respectively). These values are penalized by the constraint imposed here, which
balances the generation and demand of electricity throughout the year, according to a
better installation liability.

• The “electric” alternative (B) was the more economical option, i.e., the combination of
PV + PVT + TEG + BB with HP and RO as the best integration. In this case, SPB of
about six years was found to be much worse in the rest of the configurations.

• The levelised costs of the five demands provided by the polygeneration schemes
are lower than the regular supply of commodities. The financial results are strongly
dependent on the current prices of electricity and fuels; future trends will surely
improve the economic KPIs of these schemes.

• The LCA approach gives even better results if the scheme is compared with the
infrastructure required for the conventional supply based on external grids.

Further research centered on including new technologies or the benefits supplied by
a well-designed ESS in these polygeneration RES-based schemes are pending issues that
could contribute to the sustainable management of the urban sector.
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Appendix A

Table A1 shows the different U-values for the elements of the thermal envelope based
on the standard and three chosen climate zones.

More information regarding infiltration, thermal bridges, and ventilation can be sup-
plied to the readers upon request as supplementary information. The heating and cooling
demands were estimated using a user profile. Here it follows the Spanish regulation [23]
and consists of the following aspects:

Design Builder was used as the energy simulation tool, considering the abovemen-
tioned characteristics and typical internal loads. Regarding the climate data, the SWEC
(Spanish Weather for Energy Calculations) was considered according to the reference
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adopted in the technical code. This software also estimates electricity demand following
recommendations [28] in the case of Valencia and Almería:

In the case of Zaragoza, an alternative pattern based on existing Spanish regulation [56]
for on-grid PV domestic installations was used to estimate the hourly electricity demand
for every day of the year, also accounting for statistical data of the sector in Spain [57].

Freshwater and DHW hourly demands were calculated using a statistical study with
measurements on domestic consumption carried out by the public water management
company in Madrid [58]. Additionally, the average monthly temperature of tap water has
been compiled from the Spanish regulation [28] to estimate the DHW demand.

Table A1. Characteristic U-values (W/m2K) of the thermal envelope of buildings in each climate
zone and the selected building standard. Source: own elaboration based on [27].

Element U-Value

External wall
1:0.50
2:0.38
3:0.27

Roof
1:0.47
2:0.33
3:0.22

Party walls and horizontal/vertical internal partitions between
zones with different uses

1:1.25
2:1.10
3:0.85

Horizontal internal partitions between zones with the same use
1:1.80
2:1.55
3:1.20

Vertical internal partitions between zones with the same use
1:1.40
2:1.20
3:1.20

Ground floor
1:0.50
2:0.38
3:0.27

South-facing windows without obstacles (high solar gain)
considering the window-to-wall ratio of 15%

1:2.60
2:2.10
3:1.80

North-facing windows without obstacles (low solar gain)
considering the window-to-wall ratio of 10%

1:2.60
2:2.00
3:1.40

Table A2. Air-conditioning timetables and set points.

Period Setpoint Time

Heating service October to May 20 ◦C
17 ◦C

8:00–23:59
0:00–7:59

Cooling service June to September
25 ◦C
27 ◦C
None

16:00–23:59
0:00–7:59
8:00–15:59
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Table A3. Internal loads to estimate the building demands.

Internal Load Characteristics Occupancy
Rate (%) Time

Metabolic rate

117.21 W/person
0.03 people/m2

3.51 W/m2

61% sensitive, 39% latent

100
25
50

100

0:00–7:59
8:00–15:59

16:00–23:59
Weekend and

holidays

Equipment and
lighting

Both 4.40 W/m2

90% sensitive*, 10% latent**
*70% by convection, 30% by radiation
**50% by convection, 30% Long-Wave
Radiation (thermal), 20% Short-Wave

Radiation (visible)

10
30
50

100

1:00–7:59
8:00–18:59

19:00–19:59
20:00–23.59
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