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Abstract

The sizing of rooftop solar energy systems is commonly based on the most visible load
or on generic end-use allocations, leading to an inadequate distribution of the limited
rooftop area between heat and electricity. This study formalizes the energy audit within
a three-level deterministic framework that selects and sizes solar technologies by energy
vector: demand is first decomposed by vector; the technology for the thermal vector is then
selected through a levelized cost of heat selection ratio i, while the photovoltaic system of
the electrical vector is sized for self-consumption; and the rooftop area is finally allocated
among vectors according to marginal value per unit area. In a 75-bed university residence
in Cienfuegos, Cuba, air conditioning is the dominant energy end-use in terms of installed
power (accounting for 77% of the connected load), whereas the thermal vector dominates
annual energy consumption (domestic hot water: 127,440 versus 76,818 kWh/year for
electricity; thermal-to-electric ratio 1.66). Solar thermal technology has been selected for the
thermal vector (0.018 versus 0.088 USD/kWhy,; ¥ = 0.21, a robust value according to the
sensitivity analysis), and the marginal value (=111 versus ~32 USD/ (m2~year)) allocates
104 m? to solar thermal collectors and 134 m? to photovoltaic energy, thereby reversing
the original design that prioritized photovoltaic energy. The resulting portfolio achieves
an annual solar fraction close to 100% in both vectors on an energy balance basis, avoids
86.5 t of operational CO, emissions per year, and combines a simple payback of 1.1 years
(solar thermal) with a net present value of 55,327 USD and an internal rate of return of 28%
(photovoltaics). The sizing decision is shown to be robust to the choice of statistical design
criterion (median, mean, P90, maximum), and none of the three framework decisions
is reversed under +30% parameter variations. By replacing the subjective weightings
of multi-criteria methods with observable economic criteria, the framework provides a
replicable and auditable design protocol.

Keywords: energy audit; energy vector; solar technology selection; levelized cost of
heat; marginal value allocation; solar thermal; photovoltaics; techno-economic assessment;
energy performance indicators; buildings
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1. Introduction

The building sector is one of the world’s largest consumers of energy and sources of
carbon emissions: according to the latest Global Status Report for Buildings and Construc-
tion, buildings accounted for approximately 32% of global energy demand and nearly 34%
of energy-related CO, emissions in 2023 [1]. In this context, the integration of distributed
renewable generation into buildings has emerged as one of the most direct pathways to
decarbonize the built environment while simultaneously reducing pressure on fragile or
carbon-intensive electrical grids [2,3]. A distinctive feature of building energy demand is
that it is not a homogeneous quantity, but rather is distributed across at least two physically
distinct energy vectors: electricity—lighting, appliances, pumping, and increasingly air
conditioning—and low-temperature heat, dominated by domestic hot water (DHW). Solar
energy can supply both vectors at the point of use through photovoltaic (PV) modules
for the electrical vector and solar thermal collectors for the thermal vector, making it a
particularly suitable resource in regions combining high solar irradiation with constrained
electrical systems [4]. This combination is characteristic of small island states and isolated
territories, whose dependence on imported fuels, limited generation capacity, and weak
grids have been extensively documented [5-7]; it is not claimed to be universal across devel-
oping countries—large economies such as India or Brazil possess extensive interconnected
systems—so the operational context targeted by this work is specifically that of island and
weak-grid settings.

The literature has extensively documented the application of solar technologies in
buildings. In the electrical vector, beyond conventional rooftop PV systems, studies have
examined building-integrated photovoltaics (BIPVs) in fagades and photovoltaic systems
combined with green roofs [8,9], as well as design and sizing tools for distributed photo-
voltaic generation [10]. Within university and residential settings—the context of interest in
the present work—several case studies have evaluated the photovoltaic potential of campus
buildings and student residences under different climatic and economic conditions [11-14].
In the thermal vector, solar water heaters for domestic hot water (DHW) have demon-
strated significant reductions in energy consumption and emissions in buildings [15,16],
while solar-assisted heat pump systems have gained prominence as an alternative for low-
temperature heat supply [17-19]. Complementarily, hybrid photovoltaic—thermal (PVT)
technologies and solar systems coupled with heat pumps enable the simultaneous supply
of electrical and thermal vectors, including in residential buildings [20-24].

To orient these decisions, research has frequently relied on multi-criteria decision-
making (MCDM) methods such as AHP and TOPSIS. However, their application has
predominantly focused on a different problem: the selection of sites for large-scale solar
plants, weighing climatic, technical, geographic, and economic criteria [25-28]. When
the MCDM approach has been brought to the building scale, it has typically addressed
product selection—for example, choosing the best photovoltaic module on the market for
a specific client [29]—or the holistic assessment of solar potential on urban surfaces [30],
rather than the selection among solar technologies serving different demand vectors. De-
cision frameworks for building energy and photovoltaics also exist, but they are largely
monovectorial: they optimize the orientation and number of PV panels to maximize self-
consumption relative to electrical demand [31], or support energy planning at the urban
scale [3], without addressing the allocation between technologies across vectors.

Furthermore, energy auditing—formalized in energy management systems such as
the ISO 50001 standard [32]—is the established instrument for characterizing consumption,
setting the energy baseline, and identifying improvement measures [33,34]; however, its
output is rarely translated into a structured and reproducible decision rule on which solar
technology to install, for which vector, and in what proportion.
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In the thermal vector, in particular, the competition between solar thermal systems
and PV coupled with heat pumps has been analyzed in detail from a techno-economic
and performance perspective [35,36], but these comparisons are conducted as standalone
studies rather than as an integrated step within a building-scale decision-making procedure.
The closest work to the present study is that of Bosu et al. [16], who carried out an energy
audit of a university residential building and evaluated the integration of PV and solar
water heating from techno-economic and environmental perspectives, reporting savings
for both technologies. However, that study remains an evaluation: it sizes and assesses
both technologies in parallel and quantifies their energy, economic, and environmental
performance, but it does not transform this assessment into a decision mechanism. There is
no explicit rule that uses the outputs of the audit to select between technologies within the
same vector—for example, solar thermal versus PV-plus-heat-pump for domestic hot water
(DHW)—nor to allocate a constrained resource such as roof area or capital between the
electrical and thermal vectors. More broadly, no existing framework treats the energy audit
as a multilevel decision engine that, starting from data already produced by a standard
audit, selects and sizes a portfolio of solar technologies organized by energy vector.

This study addresses that gap. It proposes a decision framework in which the energy
audit operates at three levels: (i) characterization and decomposition of demand by energy
vector; (ii) selection of the most suitable solar technology within each vector—including
intravector competition between thermal alternatives—through an explicit levelized cost
criterion weighted by the building’s operational context; and (iii) arbitration among com-
peting technologies under roof area or capital constraints, based on marginal value. The
contribution is therefore threefold: (i) the energy audit is formalized as a decision en-
gine rather than a purely diagnostic instrument; (ii) intravector selection is governed
by an explicit and reproducible levelized cost ratio instead of subjective expert weights;
and (iii) intervector allocation of the scarce roof area is resolved by marginal value per unit
surface, so that every design decision is traceable to audit variables. None of these tools
is new in isolation—energy auditing, levelized costing, PV sizing, and marginal analysis
are all established instruments; the methodological novelty lies in their chaining into a
single deterministic, auditable decision protocol organized by energy vector, a combination
absent from the literature reviewed above.

The framework is demonstrated on the postgraduate residence of the University of
Cienfuegos (Cuba), a building whose simultaneous electricity and DHW demand, together
with an operational context characterized by resource constraints and dependence on
imported fuels, makes it a suitable case for vector-based decision-making. Cuba is also
a particularly relevant setting: with approximately 95% of its electricity generated from
fossil fuels and a target of 24% renewable energy by 2030, the country is undergoing an
energy transition in which solar utilization in buildings plays a strategic role [37—-42]. It is
emphasized that the study is presented as a single-case demonstration of the framework,
not as a typological validation: the contribution is methodological—the formalization of
the transition from diagnosis to decision—and the case serves to illustrate its operation and
plausibility rather than to establish statistical generalization.

Accordingly, the general objective of this work is to formulate and demonstrate an
energy-audit-based decision framework for the selection and sizing of solar technologies
by energy vector in buildings.

The remainder of this paper is organized as follows. Section 2, Materials and Methods,
describes the case study building and its audit data, and formalizes the three-level decision
framework: decomposition of demand by energy vector, intravector technology selection
through the levelized cost of heat, and intervector allocation of the constrained roof area by
marginal value. Section 3, Results, applies the framework to the postgraduate residence,
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reporting the energy audit, the technology selection for each vector, the allocation of the
roof surface, the techno-economic, environmental, and energy performance indicators
of the resulting portfolio, and the sensitivity analysis. Section 4, Discussion, interprets
the findings, positions the framework with respect to the literature on solar technology
assessment and selection in buildings, and delimits its scope and limitations. Finally,
Section 5, Conclusions, summarizes the main findings, the methodological contribution,
and future research directions.

2. Materials and Methods
2.1. Case Study and Diagnostic Data

The framework is demonstrated on the postgraduate residence of the University of
Cienfuegos (Cuba; latitude ® = 22.0° N), a four-story building constructed in concrete and
masonry with 27 rooms, 19 bathrooms, and a lodging capacity of 75 people. The facility
also operates as a dining installation and, during vacation periods, as a higher education
guest residence. The selection of this case is justified by the fact that the building exhibits
simultaneously non-negligible electrical and domestic hot water (DHW) thermal demands,
a necessary condition for a non-trivial vector-based decision problem.

The diagnostic data were obtained through load inventory, utility meter readings,
and normative estimates of DHW consumption, and are summarized in Table 1. It should
be noted that two inconsistencies present in the primary source are explicitly addressed
in the analysis: (i) the electrical consumption estimated from the load inventory/software
(~4516 kWh/month) differs from the maximum meter reading (8224 kWh/month, May);
therefore, the maximum measured value is adopted as the design demand, while the range
is reported; and (ii) the annual thermal demand is of the same order of magnitude as
the annual electrical demand, which assigns the thermal vector a first-order, rather than
marginal, relevance.

Table 1. Energy audit data of the building (postgraduate residence, University of Cienfuegos).

Variable Value Observation

Connected electrical load 114.93-116.03 kW inventory /software
Monthly electricity consumption (meter reading) 4015-8224 kWh/month min. Nov./max. May
Design electrical demand, E,; 4 8224 kWh/month (~274 kWh/day) peak envelope

Air conditioning share ~77 % of load electrical vector

DHW demand, Vs 8700 L/day 6000 (residential) 4+ 2700 (kitchen)
Usage/inlet temperature, Tt/ Tjy, 60/25°C AT =35°C

Thermal demand, Ej, ~354 kWhy, /day Equation (1)

Peak sun hours, HSP 5h/day 10:30-15:30

Global irradiation, H 5.64-5.81 kWh/m?/ day ~1500-1700 kWh/m?/ year
Average ambient temperature 27-28.5°C tropical climate

Usable roof area, Ay, ¢

gross 279.31 m? minus 1-m maintenance corridor;
236.99 m? (main) + auxiliary roofs tilt B = 22°, azimuth 0°; auxiliary: two adjacent
buildings, same orientation

Regarding data vintage, the meter readings correspond to September 2016-May 2017,
the most recent complete series available for the building; they predate the post-2019 sup-
ply disruptions of the Cuban electrical system and therefore represent an unconstrained-
demand operating regime, which is the appropriate reference for capacity sizing. The frame-
work requires one representative year of normal operation rather than real-time data,
and the influence of the proportionally estimated summer quarter on the decision variables
is quantified in the sensitivity analysis (Section 3.5).

2.2. General Structure of the Decision Framework

The proposed framework reinterprets the energy audit as a decision engine operat-
ing at three sequential levels. Level 1 characterizes and decomposes demand by energy
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vector and quantifies solar resource availability and physical constraints. Level 2 selects,
within each vector, the most suitable solar technology using a context-adjusted levelized
cost criterion, explicitly resolving intravector competition in the thermal vector (solar ther-
mal versus photovoltaic coupled with heat pumps). Level 3 arbitrates between the selected
technologies when roof area or capital is insufficient to fully satisfy the target demand,
allocating the scarce resource based on marginal value. The output is a vector-based solar
portfolio (technology, proportion, and sizing by energy vector) that is fully traceable to
diagnostic variables. Figure 1 summarizes this decision flow.

Energy audit - 1SO 50001

Loads & meter So\av resource Tanffs &

Level 1 - Demand decomposition by energy vector

Final demand is split into its physical vectors and their relative weight is quantified.

thermal (Eyn, DHW) - electrical (Ee;)

mal I P clectrical

Level 2 - Intra-vector technology selection

Thermal vector — DHW Electrical vector

Size PV for self-consumption
¢ = LCOHsr/LCOHpv 1P
Npy = [Eei.a/(Pp HSP PR)]

PV array — Npy modules

Solar thermal
(ST)

fomic criteria — no subjective weights

A4

Level 3 - Inter-vector allocation under area / capital constraint

If the roof area (or capital) cannot host both, the scarce resource is allocated by
marginal value, deploying the higher-value vector first.

integer linear
program — Eq. (9)
wpu (electrical)

Study: area binding, capital slack = greedy branch

|

Vector-based solar portfolio

Technology, share and sizing per vector — fully traceable to the audit

(Thermal — ST - area share) CEIecmca\ — PV Nm,)

(Indlcators SF - NPV - IRR - Payback - avoided COy EnPls)

Figure 1. Three-level decision framework based on the energy audit. Starting from ISO 50001 audit
data, Level 1 decomposes demand by energy vector and computes the thermal-to-electrical ratio R7g;

Level 2 selects the technology within each vector using the levelized cost of heat and the coefficient ¢
(and sizes the PV system for the electrical vector); and Level 3 allocates the scarce resource (area or
capital) based on marginal value v. The output is a vector-based solar portfolio, fully traceable to
the audit and evaluated through solar fraction, NPV, IRR, payback period, avoided CO, emissions,
and energy performance indicators.

2.3. Level 1: Characterization and Decomposition of Demand by Vector

The demand is divided into two vectors: the electrical vector, E,; (kWh/year), ob-
tained from the load inventory and utility meter readings, and the domestic hot water
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(DHW) thermal vector, Ey, (kWhy, /year), determined from the required water volume as
Equation (1):
V, Toet — T;
Eth _ PCp VACS ( set m), (1)
Ndist

where p = 1000 kg/m? is the water density, cp = 4.18 kJ/ (kg °C) its specific heat capacity,
Vacs is the daily water demand, Tsr and Tj, are the set-point and inlet temperatures,
and 77455 is the distribution/storage efficiency.

The primary structural indicator is the thermal-to-electrical ratio Equation (2):

Rre = E,’ ()
which quantifies the relative weight of both vectors and guides priority allocation.
Additionally, the solar resource is characterized through global irradiation H and
peak sun hours (HSP), the usable roof area A, (including orientation, tilt, and shading
conditions), and the techno-economic and operational context (electricity tariff, displaced
fuel cost, import dependency, and operation and maintenance capacity). These constitute
the input variables for Levels 2 and 3 of the decision framework.

2.4. Level 2: Intravector Technology Selection Procedure
2.4.1. Thermal Vector: Levelized Cost of Heat Criterion

For the thermal vector, solar thermal (ST) collectors compete with photovoltaic systems
coupled to heat pumps (PV-HPs), both of which are capable of meeting the domestic hot
water (DHW) demand. The comparison is performed using the levelized cost of heat
(LCOH), defined for a given technology j as Equation (3):

~ CRE(i, n) Cinv,j + Cosm,j CRF(i,n) = i(140)"
, Q. : M= Wy

3)

where Cypy ; is the investment cost, Cogm,j is the annual operation and maintenance cost,
Q,,j is the annual useful heat delivered, CRF is the capital recovery factor, i is the discount
rate, and 7 is the lifetime horizon.

For the PV-HP system, the electricity required to supply the covered heat demand
Qcov is obtained from the seasonal coefficient of performance COP¢st Equation (4):

EeLp = =5p (4)
so that its investment cost includes both the photovoltaic array sized to supply E, yp and
the heat pump unit.

Instead of a discretionary adjustment factor, monetizable contextual constraints are
directly incorporated into the cost terms of Equation (3): the investment cost is adjusted
to account for import surcharges of equipment not manufactured locally, and O&M and
unavailability costs reflect local tariffs and service reliability at the site. The primary
decision is therefore purely economic and reproducible: the selection ratio is defined as
Equation (5):

LCOH ST ifp <1,
P = &, select v ()
LCOHpy.pp PV-HP ifyp > 1.
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2.4.2. Robustness Layer (Non-Monetizable Attributes)

For strategic attributes that cannot be directly translated into cost (import dependency,
local maintainability, and technological maturity in the given context), a transparent and
reproducible robustness index is constructed Equation (6):

Ry, = Zwk Sks Zwk =1, s;€ [0, 1], (6)
k k

where s is the normalized score of attribute k and wy its weight. This index does not
replace Equation (5); it is only used as a tie-breaker when levelized costs are statistically
indistinguishable (|l — 1| below a predefined threshold) and is, in all cases, subjected
to sensitivity analysis to verify decision stability. This separation between the economic
criterion (hard and reproducible) and the strategic adjustment (explicit and bounded)
avoids the bias of an ad hoc multiplier.

2.4.3. Electrical Vector

For the electrical vector, a photovoltaic (PV) system is adopted, sized to maximize
self-consumption under area and capital constraints. The number of modules is determined
from the design daily demand E,; 4, the module peak power P,, peak sun hours (HSP),
and the system performance ratio (PR) [43-46], Equation (7):

Eerq
= [ et At — 7
Npv [P,,HSPPIJ’ @

bounded above by the maximum number of modules that can be accommodated within the
available area [46—49] (Equation (11)). Equation (7) evaluated at the design (peak envelope)
demand defines the upper sizing bound; the deployed number of modules is the minimum
of this value and the area bound of Equation (11), and its robustness to the statistical
criterion used for E, 4 (median, mean, P90, maximum).

2.5. Level 3: Intervector Allocation Under Constraints

When roof area or capital is insufficient to fully size both technologies to their target
demand, the scarce resource is allocated based on marginal value, i.e., the avoided cost per
unit of consumed resource, Equation (8). For the thermal and electrical vectors, respectively:

qu €po
Oth = — Cths Upy = Cel, (8)
as i apv

where g, and ey, are the annual useful heat and electricity per unit (collector or module),
ast and apy are their respective area footprints, and ¢, and c,; are the unit costs of the
displaced thermal and electrical energy.

The rule assigns the resource preferentially to the technology with the highest marginal
value until either area or capital is exhausted. In the general case where both constraints are
active, the problem is formulated as a linear allocation that maximizes total avoided cost (or,
alternatively, avoided emissions) subject to area and capital constraints; see Equation (9):

max ZU] xj st Za] X; < Araof/ ZCinV,j X; < Cmaxs xXj € Z+, 9)
‘ j j

whose solution coincides with the greedy allocation based on marginal value when only
one constraint is active.
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2.6. Sizing of the Solar Field and Performance Indicators

The number of solar collectors is obtained from the required DHW volume and the
unit production of a collector gy .); see Equation (10):

Ner = {VACS } (10)
qV,col

while the maximum number of units (modules or collectors) that can be installed on the
roof is determined geometrically from the usable area and the unit footprint 4, accounting
for row spacing d = Lsin 8 - k (with k the spacing factor) to avoid inter-row shading; see

max — \‘Ar(MfJ . (11)

a

Equation (11):

Performance is evaluated through the solar fraction of each vector, SF = Qgolar/ Edemand-
as well as energy performance indicators (specific consumption before and after the inter-
vention). Economic evaluation uses the net present value (NPV), Equation (12), internal
rate of return (IRR), and payback period (PBP):

n
NPV = — Ciny + Y Cil:t,t, IRR : NPV(i*) =0, (12)
= ()

where CF; is the cash flow in year ¢ (energy savings minus O&M costs). Finally, environ-
mental performance is quantified through avoided CO, emissions; see Equation (13):

ACO; = Egaveq - FE, (13)

where Eg,yeq is the displaced energy (electric or thermal) and FE is the emission factor of
the substituted source (electric grid or fuel). In this study, FE = 0.608 kg CO,/kWh is
adopted for the oil-dominated Cuban grid, consistent with the country-level emission fac-
tors reported by the International Energy Agency [50], and FE = 2.68 kg CO, /L for diesel
combustion, consistent with IPCC default factors for stationary combustion [51]. Avoided
emissions therefore quantify operational emissions only; embodied (life-cycle) emissions
from equipment manufacturing and replacement are outside the system boundary [52]. All
indicators are reported by vector and for the resulting portfolio, ensuring full traceability
of decisions back to the diagnostic stage.

3. Results

The framework is applied to the postgraduate residence of the University of Cien-
fuegos, whose input data are summarized in Table 1 of Section 2. Monetary values are
expressed in United States dollars (USD), with the parity 1 Cuban convertible peso = 1 USD
adopted from the primary source. Results are organized according to the three levels of
the framework—diagnosis, selection, and allocation—and conclude with performance
indicators and a sensitivity analysis.

3.1. Energy Audit of the Building

The energy audit constitutes the first level of the framework and the foundation
for all subsequent decisions. Its purpose is to establish how much energy the building
consumes, in which vector, where the load is concentrated, and against which reference the
intervention will be evaluated.

https:/ /doi.org/10.3390/solar6040044
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3.1.1. Electrical Consumption Profile

The starting point is the quantification of the magnitude and seasonality of electrical
demand, which simultaneously determines the sizing baseline and the operational usage
pattern of the facility. Figure 2 presents the monthly electrical consumption recorded by
the building’s utility meter.

BN Measured (2016-2017 readings) Estimated (Jun-Aug)

9000
8000 -
7000 1
6000

5000 1
4000 A
3000 1
2000 1
1000

ppaaa___I__H__HN __= _=EuRresmvess _ B = = __ =N

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Electricity consumption (kWh/month)

Figure 2. Monthly electrical consumption profile of the residence. Meter readings (2016-2017) are
complemented with a proportional estimate for the missing summer quarter (striped bars); the
maximum value in May (8224 kWh) is used as the system sizing baseline.

Consumption ranges from 4015 kWh in November to 8224 kWh in May; the maximum
occurs at the beginning of the warm season, linking peak demand to air-conditioning use.
The nine available readings (September 2016-May 2017) are 4952, 6741, 4015, 5333, 4378,
4316, 4992, 7913, and 8224 kWh/month, with a median of 4992 kWh/month, a mean of
5652 kWh/month, and an empirical P90 of 7975-8224 kWh/month depending on the inter-
polation method—statistically indistinguishable from the observed maximum, as expected
for a sample of n = 9. Based on nine available readings and a proportional estimate of the
missing summer quarter, the annual electrical demand amounts to E,; = 76,818 kWh/year,
equivalent to a specific consumption of approximately 1024 kWh per bed per year. The May
peak value is adopted as the design basis for the photovoltaic system. This value defines
the design envelope only; the consequences of alternative statistical sizing criteria, and the
reason why the envelope does not translate into oversizing, are quantified in Section 3.2.

3.1.2. Electrical Load Characterization

Once the consumption magnitude is established, the audit identifies its composition:
where the load is concentrated and which end-uses dominate, information that defines the
significant energy use to be targeted. Figure 3 decomposes the connected electrical load by
floor (a) and by equipment type through a Pareto diagram (b).

The total connected load is 114.93 kW, a value consistent with the 116.03 kW obtained
independently using the Audipre software version 2.1 [53]. The Pareto diagram shows that
air conditioning alone accounts for approximately 77% of the load (~88.5 kW): it constitutes
the significant energy use of the electrical vector, while the first six equipment categories
account for approximately 96%. By floor, the third (=36 kW) and fourth (/=35 kW) floors
concentrate approximately 61% of the load, associated with triple rooms and suites. The av-
erage building demand (~8.8 kW) represents only 7.6% of the connected load—equivalent
to 668 full-load hours per year—highlighting the low simultaneity typical of hotel-type
occupancy. The installation operates at low voltage, 110 V single-phase.
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401 (a) (b) r100

801
80

60 1

60
AC: 77% of
connected load

401 L 40

Connected load (kW)
S
Connected load (kW)

Cumulative (%)

20 20

Floorl Floor2 Floor3 Floor4

Figure 3. Characterization of the connected electrical load. (a) Distribution by floor: the third
and fourth floors account for approximately 61% of the load. (b) Pareto chart by equipment

type: air conditioning accounts for approximately 77% of the connected load (the line indicates
cumulative percentage).

3.1.3. Demand by Vector

The audit is completed by contrasting the two energy vectors of the building, since
their relative weight determines the most appropriate direction for solar deployment.
In addition to electrical demand, the thermal demand for domestic hot water (DHW)
is considered. With 8700 L/day at 60 °C (AT = 35 °C), and according to Equation (1)
(with 14i; = 1, since distribution and storage losses were not metered separately in the

primary source; the effect of #;5; < 1 on the decision variables is quantified in Section 3.5),
the thermal demand is as follows:

1000 x 4.18 x 8.7 x 35

Eip =pcp Vacs AT = 3600

~ 354 kWhy,/day ~ 127,440 kWhy, /year.

Figure 4 and Table 2 present the decomposition of final energy demand by vector.

140,000
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100,000 +

80,000 1
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20,000 1

Electricity Thermal (DHW)

Figure 4. Decomposition of annual energy demand by vector. The thermal vector (DHW) represents
62.4% and the electrical vector 37.6%, with a thermal-to-electrical ratio Rtg = 1.66.

Table 2. Level 1. Decomposition of energy demand by energy vector.

Vector Annual Demand Share
Electrical, E,; 76,818 kWh/year 37.6%
Thermal (DHW), Ey;, 127,440 kWhy, /year 62.4%
Thermal-to-electrical ratio, Rg 1.66
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The thermal-to-electrical ratio (Equation (2)) is Rrg = 1.66: the thermal vector accounts
for 62.4% of final demand, compared to 37.6% for the electrical vector. The thermal vector is
therefore dominant, and solar deployment priority is oriented toward domestic hot water.

3.1.4. Energy Baseline

The final element of the audit is the baseline: the reference supply condition against
which the solar portfolio will be evaluated. The current supply is entirely fossil-based—grid
electricity for the electrical vector and diesel combustion for DHW production. Figure 5
breaks down its cost and emissions by vector, while Tables 3 and 4 summarize its parameters
and performance indicators.

20,000 @ )
a
17,500 1 207
$ 15,0001 T 40
2 s
4 12,500 v
vt © 301
2 10,000 0
%)
° £
§ 7500 1 20 A
2 ~
(o]
& 5000 O
10 A
2500 1
0 A
Electricity Thermal Electricity Thermal
(grid) (diesel) (grid) (diesel)

Figure 5. Energy baseline of the building. (a) Annual energy cost by vector, total approximately
28,329 USD/year; (b) annual CO, emissions by vector, total approximately 86.5 t/year.

Table 3. Energy baseline of the building derived from the load inventory (Figure 3).

Parameter Electrical Vector Thermal Vector (DHW)
Installed connected load 114.93 kW —

Significant energy use Air conditioning (77%) —

Annual demand 76,818 kWh 127,440 kWhy,

Load factor 7.6% (668 h/year) —

Supply source National grid electricity Diesel boiler (14,843 L/year)
Annual cost (USD) 16,900 11,429

Annual emissions (t CO;) 46.7 39.8

Totals 28,329 USD/year 186.5 t CO, /year

Table 4. Baseline energy performance indicators (referenced to 75 beds).

Baseline Indicator Value
Specific electrical consumption 1024 kWh/bed-year
Specific thermal consumption (DHW) 1699 kWhy, /bed-year
Total energy intensity 2723 kWh/bed-year
Specific energy cost 378 USD/bed-year
Specific emissions 1153 kg CO, /bed-year
25-year cumulative cost 708,225 USD
25-year cumulative emissions 2162t CO,

Grid electricity costs 16,900 USD/year and emits 46.7 t CO, /year; the diesel boiler,
consuming 14,843 L/year, costs 11,429 USD/year and emits 39.8 t CO,/year, applying the
emission factors defined in Section 2.6 (0.608 kg CO, /kWh for the grid and 2.68 kg CO, /L
for diesel). The baseline totals 28,329 USD/year and 86.5 t CO, /year. Referring to the 75-bed
capacity, this corresponds to a specific cost of 378 USD and approximately 1153 kg CO; per
bed per year, with a cumulative cost of approximately 708,000 USD over 25 years (Table 4).
This serves as the reference against which savings and avoided emissions are quantified.
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3.2. Level 2: Intravector Technology Selection

Once the thermal vector has been identified as the priority, the second level of the
framework selects the technology that will supply it at the lowest cost. Using the levelized
cost of heat (Equation (3)), solar thermal (ST) collectors and photovoltaic systems cou-
pled to heat pumps (PV-HPs) are compared under a discount rate i = 16.35%, a lifetime
n = 25 years (CRF = 0.167), O&M costs equal to 2% of the investment, and a common
useful heat output Q,, = 127,440 kWhy, / year.

The ST option uses 23 evacuated tube collectors (investment: 12,328 USD), while
the PV-HP configuration, sized with COPest = 3.0, requires a PV field of approximately
117 modules plus a 30 kW heat pump unit, totaling approximately 60,000 USD. Figure 6
and Table 5 present the resulting levelized costs:

0.167 x 12328 + 0.02 x 12328

0.167 x 60000 + 0.02 x 60000
LCOHpy.gp = 127440 ~ 0.088 USD/kWhy,.

0.10

0.08 -
&£
§ 0.06 1
)
0
2
- 0.044
o
O
-

0.02 A

Solar thermal PV + heat pump Diesel boiler

(reference)

Figure 6. Levelized cost of heat (LCOH) of competing technologies for the thermal vector. Solar
thermal (highlighted bar) is selected, with 0.018 USD/kWhy, versus 0.088 for PV-HP (y ~ 0.21); the
diesel boiler is included as a reference baseline.

Table 5. Level 2. Technology selection in the thermal vector.

Option Investment (USD) LCOH (USD/kWhy,) Decision
Solar thermal (ST) 12,328 0.018 selected (p < 1)
PV + heat pump ~60,000 0.088 rejected
Diesel boiler (baseline) — 0.090 reference

The levelized cost of heat for the solar thermal option is 0.018 USD/kWhy,, compared
to 0.088 USD/kWhy, for the PV-HP system,; the ratio ¢ = LCOHgr/LCOHpy.pp =~ 0.21 < 1
determines the selection of solar thermal. In both technologies, the capital cost term
accounts for approximately 89% of the levelized cost, while the diesel boiler reference
stands at 0.090 USD/kWhy,.

For the electrical vector, Equation (7) applied to the peak envelope demand
(Eer,g = 274 kWh/day, P, = 250 Wp, HSP = 5 h/day, PR = 0.8) yields an upper siz-
ing bound of Npy = 274 modules. The deployed fleet, bounded by the area available on
the main and auxiliary roofs (Equation (11)), comprises 220 modules of 250 Wp generating
approximately 80,300 kWh/year, i.e., 104.5% of the annual electrical demand on an energy
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balance basis. Table 6 compares alternative statistical sizing criteria for the design demand:
the deployed fleet lies between the annual mean sizing (211 modules) and the peak en-
velope (274 modules), only 4.3% above the former, so the adoption of the maximum as a
design basis does not translate into oversizing—the physical area constraint truncates the
peak envelope before it produces overcapacity. Moreover, with only nine monthly readings,
the empirical P90 coincides in practice with the maximum, so a probability-based sizing
criterion converges to the same design value, whereas a parametric P90 would lack sample
supportatn = 9.

Table 6. Comparison of statistical sizing criteria for the photovoltaic fleet (Equation (7); 250-Wp
modules, HSP = 5 h/day, PR = 0.8; annual demand E,; = 76,818 kWh/year).

Sizing Criterion E,;,; (kWh/day) Npy 8{%3;’5;2;’3 Annual Coverage
Median of readings (P50) 166.4 167 60,955 79.3%
Mean of readings 188.4 189 68,985 89.8%
Annual mean (E,; /365) 210.5 211 77,015 100.3%
Empirical P90 (n = 9) 265.8-274.1 266-274 97,090-100,010 126-130%
Maximum (May; design envelope) 274.1 274 100,010 130.2%
Deployed fleet (area-bounded) — 220 80,300 104.5%

3.3. Level 3: Intervector Allocation Under Roof Area Constraints

The third level resolves the competition for roof space. Since the available surface
(Aroof = 237 m?) does not simultaneously accommodate the full photovoltaic field and the
solar thermal collectors, the area becomes an active constraint and is allocated according to
the marginal value of each technology per unit of surface (Equation (8)).

With g, = 5541 kWhy,/year and a footprint agt ~ 4.5 m? per collector, and
epo = 365 kWh/year with apy = 2.52 m? per module, Figure 7 and Table 7 report the
resulting marginal values:

41
vy = 5;—5 x 0.090 ~ 111 USD/mz/year, Vpy = % x 0.22 ~ 32 USD/mz/year.

120 1

Marginal value (USD/m?/yr)

Solar thermal Photovoltaic

Figure 7. Marginal value per unit of roof area for each technology. Solar thermal (=111 USD/m? /year)
exceeds photovoltaic (~32) by a factor of approximately 3.5, determining priority allocation of the
constrained roof area.
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Table 7. Level 3. Marginal value per area and allocation of the main roof surface.

Technology Marginal Value (USD/m?/year) Roof Priority
Solar thermal ~111 1st (priority)
Photovoltaic ~32 2nd (residual + auxiliary areas)

The solar thermal system yields approximately 111 USD/m?/year compared to
32 USD/m? /year for photovoltaics, a factor of approximately 3.5. Therefore, the main roof
surface is primarily allocated to the 23 solar thermal collectors (approximately 104 m?);
the remaining area (approximately 134 m?) accommodates approximately 53 photovoltaic
modules, while the remaining approximately 167 modules are relocated to the auxiliary
roofs of two adjacent buildings with the same orientation as the main roof.

Regarding the capital constraint of Equation (9): the total portfolio investment
(45,000 + 12,328 = 57,328 USD) lies within the available budget, so the capital constraint
holds with slack—it is inactive—and the linear program of Equation (9) degenerates ex-
actly to the single-constraint greedy allocation by the marginal value applied above. Both
constraints are retained in the framework formulation for generality; the present case
demonstrates the single active constraint regime, in which the equivalence stated in Sec-
tion 2.5 applies. A case in which capital, rather than area, is the binding constraint would
follow the same procedure with Cmax replacing A,q, s as the exhausted resource.

3.4. Performance Indicators of the Portfolio

Once the portfolio is defined—solar thermal for DHW and photovoltaics for electricity,
with annual solar fractions close to 100% in both vectors on an energy balance basis—its
economic performance is evaluated. The photovoltaic system is assessed through a 25-year
cash flow model with an annual revenue of 16,900 USD (displaced grid electricity), a 35%
tax rate, straight-line depreciation of the investment over 10 years, and a real discount
rate including a risk premium of 11.74%. The two discount rates used in this study serve
different purposes: the nominal financing rate (i = 16.35%) enters the capital recovery
factor of the levelized cost comparison (Section 3.2), whereas the cash flow valuation adopts
the real rate with risk premium (11.74%). The nominal rate is taken from the primary source,
and the real rate is derived from its parameters through the Fisher relation, combining
a 7% inflation rate and a 3% risk margin: (1.1635/1.07 — 1) + 0.03 = 0.1174. It should
be noted, in addition, that the Level 2 selection is structurally insensitive to this choice:
since O&M is proportional to the investment in both alternatives, Equation (3) implies
Y = Cinyst/Cinvpv-np exactly, independent of the discount rate, the lifetime, and the
O&M fraction.

Figure 8 shows the cumulative discounted cash flow over the system lifetime, while
Table 8 summarizes the performance indicators.

Table 8. Performance indicators of the selected solar portfolio.

Indicator Electrical Vector (PV) Thermal Vector (ST) Portfolio
Solar fraction (annual, energy balance) ~100% ~100% —
Investment (USD) 45,000 12,328 57,328
Annual savings (USD) 16,900 11,429 28,329
NPV (USD) 55,327 — —
IRR ~28% — —
Payback (years) ~5 (discounted) ~1.1 (simple) —
CO, avoided (t/year) 46.7 39.8 86.5
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60,000 - NPV = 55,327 USD
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Figure 8. Economic projection of the photovoltaic system: cumulative discounted cash flow over
the lifetime. Starting from an initial investment of 45,000 USD, the break-even point is reached
at approximately 5 years (dashed line), with a net present value (NPV) of 55,327 USD at 25 years;
the cash flow includes taxation (35%) and depreciation effects, discounted at a real rate with risk
premium (11.74%).

The cash flow analysis starts from an initial investment of 45,000 USD, reaches the
break-even point at approximately 5 years, and yields a net present value of 55,327 USD
over the system lifetime, with an internal rate of return of approximately 28%. The solar
thermal system, with annual savings of 11,429 USD against an investment of 12,328 USD,
achieves a simple payback period of approximately 1.1 years. Overall, the portfolio saves
28,329 USD/year and avoids 86.5 t CO;/year, equivalent to the total emissions of the
baseline scenario.

An operational qualification is required for the electrical vector. The photovoltaic
system includes no electrochemical storage, so the annual energy balance does not im-
ply hour-by-hour self-sufficiency: generation is concentrated in the 10:30-15:30 window,
whereas part of the demand (notably nighttime air conditioning) falls outside it. No net-
metering or export remuneration scheme is assumed in the economic evaluation—revenues
from surplus sales to the national grid during low-occupancy periods were explicitly
excluded; a conservative choice—and the reported figure must therefore be read as an
annual solar fraction on an energy balance basis, with the grid acting as the implicit buffer.
The operational self-consumption fraction will necessarily be lower, and its quantification
requires the hourly analysis identified as future research line (4). The thermal vector is
not affected by this qualification to the same degree, since the DHW installation includes
physical storage tanks that decouple solar collection from consumption.

A baseline projection is then carried out over the system lifetime to quantify the
cumulative effect of substitution. Figure 9 compares, year by year, the cost (a) and emissions
(b) of continuing with fossil-based supply versus those of the solar portfolio.

Over 25 years, the fossil baseline accumulates approximately 708,000 USD and
2162 t CO,, whereas the solar portfolio accumulates approximately 86,000 USD and approx-
imately O t of operational emissions (embodied life-cycle emissions from manufacturing
and component replacement lie outside the accounting boundary [52]). The cumulative
expenditures of both alternatives converge at approximately 2 years, after which the so-
lar portfolio generates increasing savings reaching approximately 622,000 USD over the
system lifetime.
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Figure 9. Baseline projection over the system lifetime. (a) Cumulative energy cost: the fossil baseline
reaches approximately 708,000 USD over 25 years versus approximately 86,000 USD for the solar
portfolio, with cost parity reached at approximately 2 years (dashed line). (b) Cumulative CO;
emissions: approximately 2162 t for the baseline versus approximately 0 for the solar portfolio.
The shaded area represents both economic savings and avoided emissions.

3.5. Sensitivity Analysis

Finally, the framework decisions are tested against uncertainty in the most sensitive
parameters to verify that they do not depend on a single-point estimate. Figure 10 plots the
ratio ¢ as a function of the heat pump seasonal coefficient of performance (COP) (ranging
from 2.5 to 4.5), for three unit cost levels (18,000, 36,000, and 54,000 USD).

w=1 (selection threshold)
1.0

—— Heat-pump cost = 18,000 USD
— = Heat-pump cost = 36,000 USD
Heat-pump cost = 54,000 USD

o
©
L

Solar thermal selected (y<1)

LCOHs1/LCOHpy.Hp
o
o

I
IS
s

W

0.2 1

250 275 300 325 350 375 400 425 450
Heat-pump seasonal COP
Figure 10. Sensitivity analysis of Level 2 selection. The ratio ¢y = LCOHgr/LCOHpy_pp remains
below the threshold ¢ = 1 across the full range of seasonal COP values and heat pump costs.

Across the explored domain, ¢ remains between 0.15 and 0.37, always below the
threshold i = 1 that would invert the selection: the choice of solar thermal is therefore not
reversed. The roof allocation priority is also preserved under a 33% increase in collector
footprint (agr = 6 m?, with vy, ~ 83 versus Upy = 32 USD/ m?2/ year). Finally, avoided
emissions scale linearly with the carbon intensity of the grid: under a conservative value
of 400 g COzeq/kWHh, the environmental benefit remains in the range of approximately
70-87 t CO, /year.

The sensitivity domain is then extended to the full parameter set requested by the
decision problem: Figure 11 subjects the three framework decisions (¢, vy, /vpy, and Rrg)
to a tornado analysis under £30% parameter variations, covering the investment costs,
both energy prices, both specific yields and footprints, the distribution efficiency, and the
estimated summer quarter.
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Figure 11. Extended tornado sensitivity analysis of the three framework decisions under £30%
parameter variations. (a) Selection ratio : it never crosses the threshold ¢ = 1 and is exactly
invariant to the discount rate, the lifetime, and the O&M fraction (grey diamonds). (b) Marginal
value ratio vy, /vpy: it remains between 2.4 and 5.0. (c) Thermal-to-electrical ratio Ryg: it remains
between 1.16 and 2.16, including a distribution efficiency of 7 = 0.85 and a £30% error in
the estimated summer quarter. Vertical solid lines indicate baseline values; dashed lines indicate
decision thresholds.

Panel (a) of Figure 11 shows that i remains within 0.14-0.29 under +30% vari-
ations of the ST investment cost, the PV-HP investment cost, and the collector yield,
and within 0.19-0.24 across the seasonal COP range 2.5-4.5; it is, moreover, exactly in-
variant to the discount rate, the lifetime, and the O&M fraction, since these terms cancel
in the ratio when O&M is proportional to investment. Panel (b) shows that the marginal
value ratio vy, /vy, remains within 2.4-5.0 under £30% variations of the displaced diesel
price, the electricity tariff, both specific yields (q,, eyv), and both footprints (ast, apy).
Panel (c) shows that Rrg remains within 1.16-2.16 under a £30% variation of the DHW
demand, a distribution efficiency reduced to #,;5; = 0.85 (which raises Ey;, to approximately
149,900 kWhy, /year and Rtg to 1.95), and a £30% error in the proportionally estimated
summer quarter (E,; € [71,732, 81,904] kWh/year). None of the three decision thresholds
(Y =1, vy,/vpp =1, Rrg = 1) is crossed at any point of the explored domain: all three
framework decisions are ordinally robust. In particular, the assumption #4;5; = 1 is conser-
vative with respect to the thermal-priority decision, since any realistic loss level increases
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the weight of the thermal vector, while ¢ is unaffected because both thermal alternatives
deliver the same useful heat Q,,.

The economic indicators were also stress-tested. The simple payback of the solar
thermal system ranges from 0.83 to 1.54 years under a £30% variation of the diesel price,
and does not exceed 2.0 years even under the joint adverse case (investment +30% and
savings —30% simultaneously). For the photovoltaic system, the internal rate of return
(28%) more than doubles the discount rate (11.74%), so the net present value remains
strictly positive under a 30% reduction of the electricity tariff. The short payback peri-
ods are thus a structural consequence of the local price context—displaced electricity at
0.22 USD/kWh and diesel at 0.77 USD/L against low local capital costs—rather than an
artifact of optimistic assumptions.

4. Discussion

The audit identified air conditioning as the significant energy use, accounting for 77%
of the connected load, consistent with evidence that in warm-climate hospitality buildings,
cooling systems are the dominant electricity consumers and the main contributors to
operational footprint [54]; a similar pattern has been reported for university campuses in hot
climates, where air conditioning can reach 79% of the electrical load [13]. However, the key
finding emerges when demand is disaggregated by energy vector: the domestic hot water
thermal demand, 127,440 kWhy, / year, exceeds total electrical demand, 76,818 kWh/year,
yielding a thermal-to-electrical ratio of RTg = 1.66.

The most visible load in terms of installed power—air conditioning—does not coin-
cide with the dominant energy vector—thermal demand—because hot water production
(8700 L/day for 75 beds) operates almost continuously, whereas the electrical system op-
erates for only approximately 668 equivalent full-load hours. This decoupling between
installed power and annual energy demand is precisely why a load-based sizing approach
would misidentify the priority vector, and it justifies the use of an audit-based characteriza-
tion of consumption—the standard approach in hospitality energy assessments [54]—rather
than generic end-use allocations.

The baseline indicators obtained (specific cost of 378 USD/(bed-year) and specific
emissions of 1153 kg CO,/(bed-year)) are consistent with energy, emissions, and cost
intensity metrics commonly used to benchmark tropical hotels based on audit data [55].

For the thermal vector, the framework selects solar thermal over photovoltaic with heat
pump, with levelized heat costs of 0.018 and 0.088 USD/kWhy,, respectively (¢ = 0.21).
These values are significantly lower than European benchmarks—Nielsen et al. report
0.23 EUR/kWh for a solar thermal hot water system and 0.34 EUR/kWh for a photovoltaic-
based system with heat pump [56]—a difference attributable to lower local investment
costs: the solar thermal LCOH is dominated (89%) by capital expenditure, and the evac-
uated tube collectors used, locally assembled at 536 USD each, substantially reduce this
capital component.

That the levelized cost is governed by investment implies that the decision is highly
sensitive to manufacturing costs, giving local production a decisive role. The advantage of
solar thermal also has a physical basis: it converts solar radiation directly into heat (approx-
imately 70-90% efficiency), whereas the photovoltaic pathway involves two conversion
stages—first to electricity (18-20% efficiency), and then to heat via the heat pump—resulting
in a useful heat yield of approximately ~1230 kWhy, /(m?-year) for the collector versus
~145 kWhg; / (m?-year) for the PV module.

The literature, however, is not unanimous. El Mardi et al. find the photovoltaic
heat pump option more favorable for a swimming pool application in Morocco (levelized
cost of 0.026 USD/kWh and a payback period of 4.4 years), identifying the coefficient of
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performance, diesel cost, and collector/panel cost as the critical parameters [57]—precisely
the variables that drive 1. The selection is therefore context-dependent; in this case, low
investment costs and prevailing energy prices keep ¢ well below unity.

The allocation between vectors is resolved through the marginal value per unit of
surface: vy, ~ 111 versus vy, ~ 32 USD/ (mZ-year), a ratio of 3.5 in favor of solar thermal.
It is useful to clarify the origin of this ratio, since v = y - ¢ is the product of specific
yield and the unit value of displaced energy: although the unit value favors electricity
(ctn/cep = 0.41), the yield advantage per unit area of the collector (v, /y,; ~ 8.5) dominates
it by a wide margin.

Under the roof constraint (237 m?), the criterion assigns first 104 m? to the 23 collec-
tors—enough to satisfy the thermal demand—and allocates the remaining surface (134 m?)
to 53 photovoltaic modules. This rule, equivalent to saturating the technology with the
highest marginal value before moving to the next, is the solution of the allocation problem
under a single active constraint: v; acts as the shadow price of roof area for each technology,
and maximizing annual value requires prioritizing the highest one.

This criterion corrects the original project layout, which prioritized photovoltaic
deployment on the main roof, and is consistent with evidence showing that photovoltaic
systems require roughly three times more surface area than solar thermal systems for
equivalent hot water coverage [56], as well as with integrated planning frameworks where
combined thermal and electrical systems under area constraints show that the optimal mix
is highly dependent on local electricity prices [58].

From an economic perspective, the photovoltaic system yields a net present value
of 55,327 USD, a discounted payback period of approximately 5 years, and an internal
rate of return of 28%, while the solar thermal system pays back in 1.1 years (investment
of 12,328 USD versus annual savings of 11,429 USD). These short payback periods reflect
the high value of displaced energy in the local context—electricity at 0.22 USD/kWh and
diesel at 0.77 USD/L. As shown in Section 3.5, these indicators degrade gracefully rather
than collapse under adverse assumptions: the ST payback stays below 2.0 years even when
investment rises 30% and savings fall 30% simultaneously, and the PV net present value
remains positive under a 30% tariff reduction.

The photovoltaic payback period is of the same order as the 4.4 years reported for
photovoltaic heat pump systems in [57], while the notably faster payback of solar thermal
is driven by its low capital cost and the high diesel price it displaces. It should be explicitly
noted that these absolute values are context-specific to the case study price structure
(with a 1:1 Cuban convertible peso-USD parity assumed from the primary source): what
is transferable is the decision logic, which is relative to prices, rather than the specific
monetary magnitudes.

Both interventions jointly avoid 86.5 t CO, /year (46.7 from the electrical vector and
39.8 from the thermal vector), reaching an annual solar fraction close to 100% in both vectors
on an energy balance basis. Over a 25-year horizon, this corresponds to approximately
2162 t CO, avoided. The near-unity solar fraction is characteristic of sites with abundant
solar irradiation, consistent with full solar fraction regimes reported for thermal applica-
tions under high-irradiance conditions [58]; for the electrical vector, however, this figure
describes the annual balance and not the hour-by-hour operational coverage, as qualified
in Section 3.4.

However, environmental performance is highly sensitive to the grid emission factor:
when it is varied between 400 and 608 g CO,/kWh, avoided emissions range from 70
to 87 t/year. This sensitivity helps explain why El Mardi et al. report that photovoltaic
systems with heat pumps may avoid less CO; than solar thermal systems in their specific
context [57]: the environmental benefit depends strongly on the carbon intensity of the
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displaced electricity, which in the Cuban case is high (608 g CO,/kWh) and favors both
photovoltaics and, through diesel substitution, solar thermal systems.

From a methodological standpoint, the value of the framework lies in chaining diagno-
sis, selection, and allocation in a deterministic manner, replacing the subjective weighting
schemes of multi-criteria methods—commonly used in renewable energy technology selec-
tion [59]—with observable economic criteria. In AHP- or TOPSIS-type methods, the ranking
of alternatives depends on decision-maker-assigned weights, whose influence is a well-
known limitation that has motivated the development of objective weighting schemes [25].

Here, by contrast, intravector selection is governed by the levelized cost of heat and
intervector allocation by marginal value—both verifiable quantities that make the decision
reproducible by third parties. The framework is also distinct from ex post evaluations (3E,
exergy, or life-cycle assessment) of a pre-defined configuration, in that it prescribes the con-
figuration directly from the diagnostic stage rather than merely assessing its performance.

4.1. Comparison with the Literature

To position the scope and novelty of the framework, it is useful to contrast it with the
literature on evaluation, sizing, and selection of solar technologies in buildings. Table 9
compiles eighteen studies—the present work and seventeen previous contributions—and
characterizes them along five dimensions: system and location, decision approach, selected
technology, key reported indicator, and methodological feature.

The selected studies cover both the relevant technological space—domestic hot water
via solar thermal, photovoltaic systems, photovoltaic-thermal (PVT) systems and PVT
with heat pumps, swimming pool heating, district heating networks, and life-cycle assess-
ment—as well as the two dominant methodological families: techno-economic evaluation
of a predefined system and multi-criteria decision-making for plant siting.

The purpose of the comparison is not to rank performance—which is not comparable
across climates, price structures, and demand profiles—but to contrast what is being decided
and how the decision is made.

Table 9. Position of the present study with respect to the literature on the assessment, sizing,
and selection of solar technologies in buildings.

Study  System/Location Decision Approach Technology Key Indicator and Distinctive Feature
. : : Three-level deterministic =~ Solar thermal ¢ = 0.21, LCOHgr = 0.018 USD/kWhy,; PV:
This Erﬁv(ejl:su)fr residence framework by energy (DHW) + NPV = 55,327 USD, IRR = 28%, discounted
study g b 1CTIEgos vector (LCOH + photovoltaic PBP =~ 5 yr; ST simple PBP 1.1 yr; allocation
(Cuba) marginal value) (electricity) under roof-area constraint by marginal value
[56] DHW: PV vs. solar Exper.lmenta.al assessment Solar thermal LCoH 0'23 (ST) vs. 0.34 (PV) EUR/kWh; PV
thermal, Denmark and simulation requires &~ 3 X more area
[52] DHW, domestic scale  Life-cycle assessment PV and solar Compares environmental footprint of PV
(Italy) (LCA) thermal (silicon, thin-film) vs. solar thermal
[22] DHW, cold climate Simulation (TRNSYS), PVT + heat pum Annual solar fraction 76.7%; superior winter
(Canada) four systems pump performance vs. conventional solar thermal
DHW, multifamily . . . Thermal yield 352-582 and electrical yield
[23] building (Europe) Validated simulation Glazed PVT 63-149 kiWh m—2 yr—1
Indoor swimming ~ 1echno-economic LCOH 0.026 USD/kWh; PBP 4.4 yr; COP,
[571 I, Fez (M ) comparison (3 PV + heat pump diesel and collect t are kev dri
pool, Fez (Morocco configurations) iesel and collector cost are key drivers
[60] University swimming  Dynamic simulation + Evacuated-tube Best energy-economic performance; PBP 14 yr
pool, Naples (Italy) experiment solar thermal (no incentive), 5 yr (with incentives)
DHW + electricity, Techno-economic Covers ~80% DHW and ~30% electricity;
[20] dwelling (UK) analysis PVT + heat pump discounted PBP 14 yr
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Table 9. Cont.

Stud System/Location Decision Approach Technolo Key Indicator and Distinctive Feature
y y PP 8y y
Coohn.g, hezfltmg, Performance + economic  Cascade PVT + Polygeneration (CCHP) for tropical
[61] power; tropical t heat li licati
climate assessmen eat pump climate applications
. : g Dynamic simulation + Heat pump . o .
621 ey NS thermoeconomic drivenby PYT ~ [hermoeconomic optimization of integrated
y optimization collectors pump sy
DHW, dwelling One-year operational PV + air-source .
[63] (Krakow, Poland) monitoring heat pump Increases PV self-consumption
Space condlt} OMNE*  Simulation with PV + modulating  Control strategy to maximize PV
[64] DHW, dwelling >
(Italy) rule-based control heat pump self-consumption
Solar district heating;  Unified techno-economic 0 : - onti ;
58] Athens Munich, sizing under area Context- ~  100%solar fraction (Athens); optimal mix
Copenhagen constraint p €pends on electncity price
Multi-criteria R S . .
[59] Pov\;er syts.tems. decision-makin — (review) ﬂlég}];)lll\%hts sub]eflt1V1ty of weights in
(systematic review) (TOPSIS) with weighting approaches
[25] PV-plant siting, Saudi ~ CRITIC-TOPSIS Optimal site Reduces AHP subjectivity using
Arabia (objective weights) selection CRITIC-derived weights
[26] PV—pliant siting, Saudi GIS-AHP Optimal PV site Lanql .511.1tab111ty mapping with
Arabia sensitivity analysis
PV-plant siting, . . L .
[27] Malatya (Turkey) GIS-AHP Optimal PV site GIS-based suitability assessment using AHP
(e Risk-based multi-criteria . . Integrates risk into spatial
[28] PV-plant siting, Iran spatial analysis Optimal PV site decision framework

The joint reading of Table 9 shows, first, that the literature does not converge to-
ward a single optimal solar technology for buildings: its conclusions are strongly context-
dependent. For domestic hot water applications, one group of studies favors solar thermal
systems due to their lower levelized cost and smaller surface requirements—Nielsen et al.
report that photovoltaics require roughly three times more area for equivalent coverage [56],
and evacuated-tube solar thermal systems are identified as the most suitable option in
swimming pool retrofits [60]—in agreement with the selection obtained in this work.

A second group favors the electrical pathway: photovoltaic systems coupled with
heat pumps become preferable under different climatic conditions and price structures [57],
while photovoltaic-aerothermal systems maximize self-consumption in temperate lati-
tudes [63]. A third group supports photovoltaic—thermal hybrid configurations, with or
without heat pumps, due to their higher combined thermal and electrical output per unit
area [20,22,23,61,62,64].

This dispersion does not indicate a contradiction in the literature; rather, it reveals that
the outcome is governed by a limited set of parameters—electricity price, displaced fuel
cost, coefficient of performance, investment cost, and solar resource availability. The ratio
1 proposed here makes this dependency explicit and, when evaluated in the present case
context, remains well below unity, placing the solar thermal selection in the same regime
as [56,60], and clearly separating it from cases such as [57].

Consistently, the levelized costs obtained here are lower than European values [56]
due to reduced local investment costs, and the thermal yields per unit area reported for
PVT collectors (352-582 kWh/(m?-year) [23]) confirm the order of magnitude used in the
marginal value analysis.

From a methodological standpoint, the contrast is even more pronounced. Techno-
economic studies [20,22,23,52,56-58,60—-64] evaluate or size a pre-defined system: they
answer how much a given configuration costs and how much energy it delivers, but not
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which configuration should be chosen nor how a scarce surface should be allocated among
competing energy vectors.

Multi-criteria studies [25-28,59] do make decisions, but they are predominantly fo-
cused on large-scale photovoltaic plant siting and rely on weighting schemes—AHP, TOP-
SIS, GIS-based approaches—whose parameters are ultimately set by expert judgment.
The literature itself acknowledges this subjectivity as a limitation and has developed
objective weighting schemes such as CRITIC or entropy methods to mitigate it [25].

The framework proposed here occupies a space not covered by either family: it makes
decisions like multi-criteria methods, but at building scale and explicitly by energy vector,
and it does so, unlike them, using observable economic criteria without subjective weights.
It chains diagnosis, intravector selection via levelized cost, and intervector allocation via
marginal value into a single deterministic and auditable procedure. In contrast to ex
post assessments—3E, exergetic, or life-cycle analyses [52]—which evaluate a pre-selected
configuration, the proposed framework prescribes the configuration directly from the
diagnostic stage.

This combination—vector-based decision-making, observable economic criteria,
and full traceability—is, within the limits of the comparison in Table 9, what distinguishes
the present work.

4.2. Study Limitations

Itis important to clearly delimit the scope of the results, distinguishing internal validity
from external validity:

(@) Single case study. This work constitutes a demonstration of the proposed frame-
work rather than a statistical validation across building typologies. What is gener-
alizable is the decision-making logic, not the numerical results of the case study;
its transferability to other building types and climates remains an open question of
external validity.

(ii) Most uncertain input parameter. The unit cost of the heat pump is a market-
derived parameter subject to variability. However, it is important to distinguish
between ordinal robustness and cardinal precision: the sensitivity analysis shows
that i remains well below unity across the entire range of coefficient of performance
and cost values tested, so that the selection of solar thermal technology does not
change even if the exact levelized cost value is uncertain.

(iii) Collector footprint. The unit surface area of the collector used in the marginal
value rule is an estimated geometric parameter. Nevertheless, the priority of
roof allocation remains unchanged even when this footprint is increased by 33%,
reinforcing the stability of the intervector decision.

(iv) Deterministic nature of the approach. As a single-case study, the analysis does not
include statistical inference. Robustness is assessed through sensitivity analysis;
stochastic uncertainty propagation would quantify confidence in probabilistic
terms, but would not alter the ordinal conclusions of the model.

) Dependence on price context. The economic results reflect the price structure of
the case study (parity of 1 Cuban convertible peso = 1 USD as assumed in the
primary source). Therefore, absolute values are context-specific, while the relative
decision logic based on price ratios remains transferable.

(vi) Bounded technology set. The framework ranks alternatives only within the consid-
ered set (solar thermal, photovoltaic, and photovoltaic with heat pump). It does
not explore technologies outside this predefined space.
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(vii) Annual energy balance basis and data vintage. All solar fractions are computed on
an annual energy balance, without hourly resolution or storage modeling for the
electrical vector; the operational self-consumption fraction will be lower than the
annual figure, and no export remuneration was assumed. In addition, the meter
readings correspond to 20162017 (the last complete pre-disruption series) and
the missing summer quarter was estimated proportionally; the sensitivity analysis
shows that a £30% error in this estimate does not alter any framework decision.
Both aspects motivate future research line (4).

4.3. Future Research Directions

Building on the limitations identified above, four priority research lines are identified:

(1)  Transferability. Apply the protocol to other building typologies and climates, with dif-
ferent price structures and resource conditions, in order to verify that the diagnosis—
selection—allocation chain retains its discriminative power and to delineate the valid-
ity domain of each decision rule.

(2)  Probabilistic layer. Couple the framework with a Monte Carlo-type uncertainty
propagation, using justified input distributions, to report confidence intervals for
P as well as for marginal values, and to quantify the probability of inversion of
each decision.

(3)  Technology expansion. Include additional technologies—in particular photovoltaic—
thermal (PVT) collectors, which co-produce both energy vectors from the same
surface—which would require generalizing the marginal value rule to the case of
joint products and possibly reformulating the i boundary condition.

(4) Temporal resolution. Replace the annual energy formulation with hourly demand
and solar resource profiles, so that temporal matching between generation and
consumption, and consequently storage sizing, are explicitly included in both the
selection and allocation stages.

5. Conclusions

This study formalized the energy audit within a three-level deterministic decision-
making framework that selects and sizes solar technologies in buildings by energy vector,
and demonstrated it in a university residence in Cienfuegos, Cuba. The audit revealed that
the most visible load in terms of installed power—air conditioning, which accounts for 77%
of the connected demand and constitutes the significant energy use—does not coincide
with the dominant vector in terms of annual energy. When the demand is disaggregated
by vector, the thermal requirement for domestic hot water (127,440 kWhy, / year) exceeds
the entire electrical demand (76,818 kWh/year), yielding a thermal-to-electric ratio of
Rtg = 1.66. This decoupling between installed power and annual energy is the central result
that justifies allocating the solar portfolio by energy vector rather than by connected load.

At the second level, the levelized cost of heat selects solar thermal over the photovoltaic
with heat pump pathway for the thermal vector (0.018 vs. 0.088 USD/kWhy,; selection
ratio ¢ = 0.21); this hierarchy is robust, since 1 remains well below unity across the
full range of heat pump coefficient of performance and cost values tested, and is exactly
invariant to the discount rate, the lifetime, and the O&M fraction. At the third level,
marginal value per unit of surface governs the allocation between vectors: vy, ~ 111 vs.
vpy ~ 32USD/ (m2~year), a ratio of 3.5 in favor of solar thermal. Under the roof constraint
of 237 m?, the criterion assigns 104 m? to 23 thermal collectors and the remaining 134 m? to
53 photovoltaic modules, reversing the original design, which had allocated the main roof
area to photovoltaics. The photovoltaic sizing decision is robust to the statistical design
criterion: the deployed, area-bounded fleet of 220 modules covers 104.5% of the annual
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demand, only 4.3% above the annual mean sizing, and with nine monthly readings, the
empirical P90 coincides in practice with the design maximum.

In economic terms, the photovoltaic subsystem yields a net present value of
USD 55,327, a discounted payback of approximately 5 years, and an internal rate of return
of 28%, whereas the solar thermal subsystem recovers its investment in 1.1 years, due to its
low capital cost and the high price of displaced diesel. Overall, both interventions achieve
an annual solar fraction close to 100% in both vectors on an energy balance basis (the hour-
by-hour operational self-consumption of the electrical vector will be lower in the absence of
storage) and avoid 86.5 t CO;/year of operational emissions (46.7 from the electrical vector
and 39.8 from the thermal one), equivalent to approximately 2162 t CO, over a 25-year
horizon; this value remains between 70 and 87 t/year when the grid emission factor varies
between 400 and 608 g CO,/kWh. Relative to the baseline energy performance indicators—
a specific cost of 378 USD/(bed-year), specific emissions of 1153 kg CO, /(bed-year), and an
energy intensity of 2723 kWh/(bed-year)—these results quantify the benefit of the vector-
based solar portfolio.

From a methodological perspective, the framework chains diagnosis, selection, and al-
location into a single auditable procedure that replaces the subjective expert weights of
conventional multi-criteria methods with observable economic criteria, and that operates
at the building scale and by energy vector—a niche not covered either by techno-economic
studies, which evaluate a fixed system, or by multi-criteria approaches, which rank large-
scale plant locations. Since each decision is based on ratios linked to local prices, the trans-
ferable contribution lies in the decision logic rather than in the absolute monetary values,
which are specific to the price context of the case study. This work constitutes a single-case
demonstration and not a statistical validation; consequently, future research should test the
protocol across different building typologies and climates, incorporate a probabilistic layer
to propagate input uncertainty into ¢ and marginal values, expand the technology set to
include photovoltaic-thermal (PVT) collectors that co-produce both vectors, and move from
annual energy balances to hourly resolution so that temporal matching between generation
and demand—and thus storage sizing—is explicitly embedded in the selection process.
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Abbreviations

The following abbreviations are used in this manuscript:

AHP Analytic Hierarchy Process

BIPV Building-Integrated Photovoltaics

(€0 Coefficient of Performance

CRF Capital Recovery Factor

CRITIC  Criteria Importance Through Intercriteria Correlation
DHW Domestic Hot Water

EnPI Energy Performance Indicator
GIS Geographic Information System
HSP Peak Sun Hours

IRR Internal Rate of Return

LCA Life-Cycle Assessment

LCOH  Levelized Cost of Heat

MCDM  Multi-Criteria Decision-Making
NPV Net Present Value

PBP Payback Period

PR Performance Ratio

PV Photovoltaic

PV-HP  Photovoltaic Coupled to a Heat Pump
PVT Photovoltaic-Thermal

Rre Thermal-to-Electric Ratio

SF Solar Fraction

ST Solar Thermal

TOPSIS  Technique for Order of Preference by Similarity to Ideal Solution
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