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A B S T R A C T

Thermodynamic limits are intrinsically insurmountable, whereas economic limits may be disregarded without 
infringing any physical laws, provided societies accept the resulting economic consequences. This study is rooted 
in the existence of a limited sustainable range of long-run energy-expenditures to Gross-Domestic-Product ratios. 
Instances exceeding affordability thresholds signal heightened risk of economic downturn. Within this frame
work, we investigate whether photovoltaics can expand without pushing economies beyond the Bashmakov- 
Newbery range of energy-expenditures, identified as globally sustainable. Using gross-domestic-product, pri
mary energy, and energy intensity data, we analytically derive an affordability corridor of (94 ± 20)$/BOE for 
primary energy and (38 ± 8)$/GJ for electricity. A new conception of global-economic-sustainability becomes 
essential, as energy conversion systems operating above the affordability threshold would undermine prosperity. 
As no thermodynamic imperative enforces declining energy prices limits, we formulate a normalized thermo- 
economic efficiency index that links thermodynamic and economic principles within an original simulation 
framework, enabling assessment of whether photovoltaics complies with the global economic sustainability 
constraints. Incorporating capital, technological and maintenance costs, the model sets the global-economic- 
sustainability benchmarks for photovoltaics, across residential, solar-community, and utility-scale sectors, 
including storage and booster-reflector setups. Results indicate that, to produce electricity within the global 
economic sustainability requirements, utility-scale photovoltaics can follow a pure unsubsidized pathway even 
quite ahead of their lifetime horizon. When storage is included, costs approach their critical threshold, unless 
favorable long-term projections are assumed. Booster-reflectors can aid solar projects to reach global economic 
sustainability. By contrast, residential sector faces critical scenarios, even over the entire lifetime horizon, being 
dominated by significant soft-costs.

1. Introduction

Energy security and affordability have repeatedly shaped global 
economic and policy agendas since the late twentieth century. The OPEC 
oil embargo of 1973 following the Yom Kippur war demonstrated the 
vulnerability of modern economies to abrupt increases in energy costs 
[1]. These shocks triggered a wave of research into the relationship 
between energy prices, energy intensity, and macroeconomic perfor
mance [2]. Empirical evidence shows consistently that the share of in
come spent on energy remains within a constrained long-term band. 
When this share rises above the band, recessions and structural 

adjustments often occur as highlighted by studies of Bashmakov et al. 
[3] about the laws of energy transition, the relation between energy 
consumption and economic growth [4] supported by empirical evi
dence, theory and policy implications [5]. When the share falls inno
vation and efficiency gains occur [6]. This empirical regularity has been 
increasingly formalized, justifying the concept of an upper energy price 
limit, here denoted as K$, compatible with Global Economic Sustain
ability (GES) [7].

The rise of renewable energy technologies must therefore be evalu
ated not only on their technical progress but also on their ability to 
deliver useful energy within macroeconomic affordability limits. Among 
all alternatives, solar power rapidly emerged as the most promising due 
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to its scalability and abundance. Since the first practical silicon solar cell 
was demonstrated at Bell Labs in 1954 efficiency has increased nearly 
fivefold as shown in the tabulated values by Rühle [8]. The record for 
single junction silicon devices is ~ 27.4 %, close to the Shock
ley–Queisser limit of ~ 33 % [9]. As this physical limit is approached, 
the marginal rate of efficiency improvement inevitably slows [10]. Sil
icon remains the dominant technology with about 90 % of global in
stallations [11]. The dramatic decline in module prices since 2010 has 
enabled cumulative installed capacity to exceed 2 TW worldwide [12]. 
Yet the pace of deployment remains insufficient to align with net zero 
trajectories.

Future cost reductions will be required not only from continued 
improvements in cell efficiency but also to offset the costs of managing 
variability and intermittency. For this reason, advanced cell architecture 
is under intense investigation. Heterojunction devices and per
ovskite–silicon tandems now exceed 30 % efficiency in laboratory 
demonstrations [13]. Perovskite technologies are especially attractive 
because of their rapid efficiency gains, low temperature fabrication, and 
use of abundant materials [14]. In just over a decade their efficiency 
increased from ~ 4 % to ~ 27 % for single junctions and ~ 35 % for 
tandems [15]. However, instability under light, heat, and moisture still 
limits their lifetimes. Progress has been made in encapsulation, interface 
engineering, and consensus testing protocols, but operational durability 
is still insufficient for widespread commercialization [16].

In parallel, extensive Life-Cycle Assessment (LCA) literature confirms 
that photovoltaic technology is environmentally sustainable over its 
operational lifetime. Comparative LCA studies and meta-analyses show 
that the environmental footprint of Photovoltaics (PV) systems has 
declined steadily as conversion efficiencies have increased and 
manufacturing process has shifted to cleaner energy sources. Recent 
reviews, article and technical document report energy payback times of 
about 1–2 years and carbon footprints between 25 and 40 g CO2-eq 
kWh− 1, values far below those of fossil-based generation [17]. These 
results demonstrate that, from an environmental perspective, solar PV 
achieves net positive energy and carbon balances early in its lifetime, 
thereby reinforcing the macro-economic rationale for its large-scale 
deployment.

Scaling PV to the levels required for deep decarbonization involves 
technical and non-technical barriers beyond modules. The variability of 
solar radiation requires expensive storage and flexibility resources to 
maintain reliability [18]. Fossil power plants often remain in operation 
longer than expected, delaying substitution. Supply chains for key raw 
materials are volatile [12]. Land use conflicts and the challenge of 
integrating PV into built environments present further constraints [19], 
with more critical challenges in countries not fully developed, like those 
in the African continent [20]. This is clearly just one of the most critical 
aspects related to the delicate balance between sustainability, energy 
transition and circularity as highlighted in ref. [21]. Consequently, 
projections of PV’s contribution in 2030 and 2050 differ widely 
depending on assumptions about technology, integration costs, and 
policy support [22]. System level benchmarking shows clearly why scale 
matters. While hardware costs have fallen sharply, soft costs − permit
ting, interconnection, financing, and customer acquisition − dominate 
residential projects. These costs are proportionally lower in community 
scale projects and the lowest at utility scale both in 2023 [23] and in 
2024 [24]. Studies about the Levelized Cost Of Energy (LCOE) and 
storage confirm that PV plus storage remains less attractive than PV, 
unless storage costs decline substantially or flexibility services are fully 
valued. To this end, global battery pack prices declined to about 115 
USD/kWh in 2024 [25,26], but integration remains economically 
challenging [22]. Financing conditions further amplify these effects, 
since discount rates and payback times strongly influence levelized cost 
estimates [23].

Optical augmentation strategies provide another incremental option. 
High albedo reflectors and engineered ground covers can raise bifacial 
yields by 3–5 % depending on geometry and latitude [27]. Dynamic 
reflective devices and booster reflectors reshape generation profiles and 
enhance performance, particularly at the community scale, for both 
photovoltaic systems—demonstrated by feasibility studies on flat 
boosters [28] and a case study in Sweden [29]—and solar thermal 
generation [30]. Experimental studies confirm that even modest gains 
can influence feasibility for borderline projects [31–33]. In particular, 
Baccoli et al. presented an optimization model based on experimental 
data [31], simulation model [32] or theoretical model of a solar 

Nomenclature

Symbol-acronym-abbreviation Meaning, Unit
PV Photovoltaic, –
GES Global Economic Sustainability, –
GDP Gross Domestic Product, $
NREL National Renewable Energy Laboratory, –
IEA International Energy Agency, –
IEA-PVPS IEA Photovoltaic Power Systems, –
IRENA International Renewable Energy Agency, –
BOS Balance of System, –
ESS Energy Storage System, –
USD United States Dollar, –
η Conversion efficiency, –
ηexp Experimental/actual system conversion efficiency, –
ηlim,ec Economic lower-bound efficiency (from macro constraint), 

–
ηn Normalized thermo-economic index, –
d Discount rate, –
ns Horizon time, year
α O&M / overhead fraction, –
Y Annual energy yield per installed W (AC), MWh W− 1 yr− 1

Yeff Effective yield per W including performance ratio and 
reflectors, MWh W− 1 yr− 1

φs Annual solar irradiation (plane of array), GJ m− 2 yr− 1

ψ s Average solar power density, W m− 2

ϕstc STC irradiance, Wm− 2

Npk Annual peak-sun hours, hyr− 1

K$ (K$, generic) electricity price limit (macro affordability), $ 
MWh− 1

K$,min,K$,max Lower/upper bound of sustainable electricity price 
range, $ MWh− 1

MUP Maximum Unit Price for primary energy, $ kWh− 1

MSP Minimum Sustainable Price (benchmark in NREL reports), 
$ W− 1 or $ kWh− 1 (as per context)

EI Primary Energy Intensity (primary energy / GDP), kWh 
$− 1 or GJ $− 1

EI− 1 Energy Productivity (GDP per unit energy), $ kWh− 1

ECS Energy Cost Share of GDP (Bashmakov–Newbery band) % 
of GDP

CH,1W Hardware cost per W (modules, inverters, structural, 
electrical BOS), $ W− 1

CS,1W Soft cost per W (permitting, interconnection, customer 
acquisition, overhead), $ W− 1

D1, D2, D3, D4 Feasibility domains in efficiency-cost plane, –
ar,c = AR/AC Reflector-to-collector area ratio, –
γ Specific cost factor of booster reflectors (per Wp of 

conventional PV), –
EFb Energy enhancement factor due to booster reflectors, –
b Booster configuration, –
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collector augmented by a flat plate [33].
Other research works address the integration of PV at high pene

tration levels. Analyses of curtailment, declining market value, and 
adequacy requirements show that system integration costs can erode 
competitiveness if not accounted for [34]. Studies of ancillary services 
and operational flexibility highlight the importance of storage and 
flexible demand in maintaining value [35]. These insights demonstrate 
that affordability cannot be assessed solely through module or system 
costs but must incorporate system level interactions.

Perhaps the most robust strand of evidence concerns macroeconomic 
regularities. Early studies established that the share of Gross Domestic 
Product (GDP) devoted to energy expenditures remains relatively stable 
over time and across countries [36]. Later research confirmed that 
values above 10–12 % are typically unsustainable [37]. This stability 
has been described by the three laws of energy transitions [38] and more 
recently formalized as the “minus one” elasticity linking energy prices to 
energy intensity [5]. The implication is that sustainable energy tech
nologies must deliver services within affordability bands, or they risk 
undermining growth [7].

When all these literature studies are considered together several 
important insights emerge, but also some fragmentation. Technology 
reviews document efficiency progress and device bottlenecks both in 
terms of conversion efficiency [39] and material and device research 
[40]. In particular, optical augmentation studies illustrate modest but 
sometimes decisive yield benefits [41]. Regarding the economic aspects, 
benchmarking studies highlight the persistence of soft costs [23]
showing also that levelized costs are highly sensitive to financing and 
resource conditions [42]. In a more global perspective, macroeconomic 
analyses define affordability bands based on long run empirical data 
[38]. Despite their richness, these strands remain disconnected, leaving 
unresolved how to unify macroeconomic evidence with the techno- 
economic evaluation of concrete PV system designs [6].

From the available evidence three major research gaps are clear. 
First, there is still no compact method to determine whether a given PV 
configuration, distinguished by scale and by options such as storage or 
reflector augmentation, can be deployed at a price consistent with long 
run affordability bands. Existing studies either analyze technology 
metrics without embedding them in macro constraints or examine 
macro affordability without translating it into practical system thresh
olds [43]. Second, there is no normalized thermo-economic index that 
integrates physical conversion efficiency with an economic lower bound 
efficiency derived from empirical expenditure bands. Without such a 
metric comparability across studies remains limited and conclusions are 
often context dependent [43]. Third, many applied analyses provide 
incomplete assumptions about discount rate, payback time, system 
boundaries, or resource conditions, and often omit systematic sensitivity 
analysis to the most influential parameters including soft costs, storage 
prices, and resource availability [42]. This limits reproducibility, 
robustness, and policy relevance.

The present article seeks to address these shortcomings. The objec
tive is to define a normalized thermo-economic efficiency index that 
embeds macroeconomic constraints directly into feasibility analysis. To 
the best of the authors’ knowledge, this is one of the first studies that 
aims to translate the long run stability of the energy expenditure band 
into an explicit upper price limit for electricity, denoted as K$, and to 
incorporate this limit into a unified framework. This framework allows 
systematic evaluation of PV systems across residential, community, and 
utility scales, including both configurations with and without storage 
and with and without reflector augmentation. By combining macro
economic constraints with technology performance and cost parame
ters, the framework provides a compact test of whether a specific PV 
design is consistent with the GES constraints. This approach does not 

replace conventional metrics such as LCOE but complements them by 
introducing macro affordability as an explicit criterion.

The novelty lies in unifying previously separate strands of literature. 
Technology and benchmarking studies identify cost and performance 
trends but not macro limits. Macroeconomic research quantifies 
affordability bands but does not link them to specific system designs. 
Integration studies describe system costs but without embedding them 
in affordability ranges. Optical augmentation experiments show per
formance enhancements but without positioning them against sustain
ability thresholds. This article aims to combine these perspectives within 
a single normalized index. The analysis offers a reproducible method for 
testing PV feasibility against empirically observed macroeconomic 
constraints. It clarifies under what conditions, and at which scales PV 
remains consistent with sustainable energy expenditure levels. It also 
identifies where barriers remain, such as the heavy weight of soft costs in 
residential PV, the current expense of storage, and the moderate (but 
sometimes relevant) contributions of reflectors. By embedding the 
macroeconomic perspective directly into the system evaluation, this 
contribution provides both a conceptual advance and a practical tool for 
policymakers and system planners.

The remainder of the article is structured as follows. Section 2 in
troduces the methods, including the analytical formulation and the 
definition of the normalized thermo-economic index. Section 3 describes 
the input parameters and analyzed scenarios, based on the most recent 
cost benchmarks and field data. Results are reported for residential, 
community, and utility-scale systems, considering configurations with 
and without energy storage and reflector augmentation. Section 4 draws 
some conclusions with also focusing on limitations and directions for 
future work.

2. Methods

In this section, the methods of the article are developed. An original 
thermo-economic model of the PV (with or without booster equipment 
and with or without storage), by introducing the normalized thermo- 
economic efficiency index and the derivation of the upper and lower 
bounds of the electricity price based on the perspective of the Global 
Economic Sustainability, is presented. The main assumptions adopted 
are: 

• Unique value of electricity price for selling PV energy or avoided cost 
of buying electricity, as this methodology has a macroscopic view, 
and the threshold energy price value can be seen as an averaged 
value between self-consumed and sold energy;

• Steady-state analysis, justified by the scale and the global perspective 
of the applications of the method. Hourly data are only used to 
calculate the solar availability.

• A baseline discount rate equal to 4 %, slightly lower than 5 % 
commonly used in the renewable energy sector, to reflect a more 
global perspective rather than project-specific financing conditions. 
However, a sensitivity analysis by varying the discount rate is pre
sented in Section 3.4.

2.1. Conventional photovoltaic system (without booster equipment)

An economic analysis for conventional solar PV technology system 
can be settled by considering the expression in Eq. (1). This is derived 
from fundamental correlation between economic and energy aspects 
involved in the PV solar technology. The expression highlights the 
conditions in which the thermodynamic conversion efficiency ηexp al
lows to generate useful renewable energy matching the economic 
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efficiency rate ηlim,ec, based on the principle of the GES. The interested 
readers are invited to refer to Appendix A of the supplementary material, 
where the mathematical procedure, culminating in Eq. (1), is explained. 
Basically, in Appendix A, the global economic balance for a conventional 
PV system (Eq. 1A) is shown by requiring that annual revenues exceed 
investment and O&M costs, once the time horizon (like the payback 
period) and discount rate are fixed. This condition is reformulated (Eq. 
(2A)) as a minimum annual energy yield per m2, expressed through the 
conversion efficiency and annual solar irradiance (Eq. (3A)), with O&M 
costs proportional to revenues (Eq. (4A)). Finally, by relating costs per 
surface area to costs per unit peak power (Eq. (6A)), the model arrives at 
Eq. (7A), which matches Eq. (1) in the main manuscript. 

ηlim,ec

ηexp
= ηn ≥

∑ns
j=1(1 + d)j

ns
2 •

(
CH,1W + CS,1W

)
• ϕstc

K$ • φs(1 − α) (1) 

Practically, the inequality expressed in Eq. (1) represents an analytical 
criterion in the plane of efficiency and cost coordinates 

{
CH,1W, ηn

}
, as 

shown in Fig. 1. It identifies the coordinates 
{
CH,1W, ηn

}
for which a 

given PV power plant proves to be consistent or not with the re
quirements of the GES’ s principle.

ηn is a normalized thermo-economic efficiency index. It is derived by 
combining the economic lower limit efficiency coefficient, ηlim,ec, with 
the actual experimental energy conversion efficiency coefficient of the 
PV system.

ηlim,ec represents a lower-bound efficiency threshold, defined by 
economic feasibility constraints that keep energy expenditures within 
globally sustainable limits.

Therefore, a square meter of solar conversion system operating at an 
efficiency lower than the admissible value ηlim,ec would generate insuf
ficient energy per unit area to cover its overall costs (manufacturing, 
installation, operation, and maintenance) when the electricity price is 
constrained to the lower bound K$.

ηexp represents the experimental thermodynamic conversion effi

ciency of the PV plant, commercially rated during standard operating 
conditions.

(CH,1W +CS,1W) is the unit cost per peak of direct current output 
power. It represents the cost share sustained by the source of the capital 
for purchasing, installing, and starting – up a solar converter power 
plant accounted for per peak of power unit of its collecting surface. In 
particular, CH,1W includes the subsystem costs for modules, inverters, 
Energy Storage System (ESS), structural and electrical BOS, while soft 
costs components as fieldwork, office-work and other soft costs are 
incorporated in the CS,1W term. The values, in [$/W], are drawn from 
refs. [23,24].

α is related to the operating and maintenance costs of the PV system 
converter, CO&M. Such costs can be thought of as driven by the total 
income provided by selling the energy good production. Specifically, α 
represents the fraction of the monetary income to be allocated for 
covering the operating and maintenance costs per peak of PV power 
unit. The value is a dimensionless quantity and is numerically drawn 
from [23,24].

ns is the simple pay-back time of the whole system composed of 
collecting converting-surfaces and auxiliary elements as inverter and 
electrical adapter device or a generic time horizon. Its value is expressed 
in number of years, [y].

d is the yearly discount rate of investment. This value, for general 
energy-related investments, is fixed at 4 %, as already specified above.

φs represents the Solar Resource Assessment and denotes the yearly 
available amount of the total radiant exposure, per square meter of 
collectable surface, expressed in 

[
GJ/m2y

]
. It is derived from the number 

Npk of the equivalent peak hours sun that, on average, are yearly 
available, in a given geographical location. Such values are usually re
ported in published standard documents focused on solar resource 
assessment for evaluating a location's potential for solar energy. The 
values of Npk are determined referring to standard operating conditions 
for which the solar irradiance standard value is equal to ϕstc = 1000 
[
W/m2]. Therefore, 

Fig. 1. Thermo-economic plane of efficiency-cost domains to identify the boundary of GES requirements.
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{φs}⋅
[

GJ
m2y

]

= {ϕstc}⋅
[

W
m2

]

•
{
Npk

}
⋅
[
h
y

]

⋅{3600}⋅
[s
h

]
⋅
109

109

= {ϕstc} •
{
Npk

}
⋅
{

3,600
106

}

⋅
[

GJ
m2⋅y

]

(2) 

Each physical quantity, (φs, ϕstc and Npk), is expressed, accordingly to 
ISO 80000-1, as a product of a pure number, representing the magnitude 
({φs}, {ϕstc} and 

{
Npk

}
), and the respective measurement unit.

Finally, K$ is the maximum admissible monetary remuneration value 
derived by selling the energy production generated by the solar system 
or by the avoided cost of buying electricity from the national grid. This 
value should be consistent with the community’s economic growth as it 
should align with the affordability range of energy expenditures iden
tified as sustainable at a global level. An energy price higher than K$, 
while reducing the expected payback time ns, may slow down the overall 
productive system by increasing energy costs and potentially con
straining GDP growth. Its value is expressed in [$/GJ] or [$/MWh].

Fig. 1 illustrates the proposed normalized index ηn as a function of 
CH+S,1Wp , for different values of K$. The graphs are represented in the 
efficiency-cost plane of coordinates {CH+S,1Wp , ηn} and can be selected by 
changing the value of K$, within a given [K$,min÷K$,max] range, whose 
values will be assessed later. The curves with the steepest gradient are 
obtained for the smallest values of K$. Each curve represents a thermo- 
economic locus composed of points whose {CH+S,1Wp , ηn} values result in 
the left hand of Eq. (1) equal to its right hand. Here, both constraints 
required by GES are marginally satisfied: a) the system produces energy 
at an adequate rate for generating a not negative yearly profit for the 
source of the capital and b) the energy production is sold at a price 
within the range of energy expenditure − GDP ratio, identified as sus
tainable at a global level. The right-hand side of Eq. (1) can be thought of 
as a monotonically increasing function of the unit cost CH+S,1Wp , namely 
ξ
(
CH+S,1Wp

)
. A maximum unit cost can be identified, above which the 

GES requirements cannot be satisfied. For any K$, there is a critical unit 
cost threshold where the ξ function is 1. This critical value is graphically 
visualized with the symbol C̃H+S,1Wp . Generally, the lower the energy 
expenditure value (identified as globally sustainable), the lower the 
critical cost of the PV installation. All unit cost values, exceeding the 
critical one, are in correspondence to ξ function values larger than 1. For 
all these values, the inequality Eq. (1) would pose a normalized eco
nomic efficiency value larger than 1. 

ηn > 1 (3) 

It is interesting to explore the meaning of the previous condition in 
terms of GES. By definition, 

ηlim,ec > ηexp (4) 

By definition, Eq. (4) defines a constraint that is physically unat
tainable: it requires the sale of more energy than the PV system can 
produce. The producible amount is determined by the experimental 
conversion efficiency ηexp whereas the required sales are governed by the 
economic limit efficiency ηlim,ec. GES requirements, expressed by Eq. (1), 
establish a lower bound for ηn, while physical feasibility imposes an 
upper bound, ξ ≤ ηn ≤ 1. For CH+S,1Wp > C̃H+S,1Wp , Eq. (1) reduces to Eq. 
(4), leading ηn > 1 and hence to an infeasible GES region.

Fig. 1 also illustrates how the efficiency-cost plane is divided into 
four different domains when a specific value of K*

$ is accounted for. The 
horizontal red dashed line, representing the upper limit value of ηn, 
given by the equation ηn = 1, the starred blue curve and the vertical red 

line (expressed by equation CH+S,1Wp = C̃
*
H+S,1Wp

) divide the efficiency – 
cost plane into four domains D1, D2, D3 e D4 described by the following 
conditions. 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

D1 =

{

ηn > 1,CH+S,1Wp < C̃
*
H+S,1Wp

}

D2 =

{

ξ ≤ ηn ≤ 1,CH+S,1Wp < C̃
*
H+S,1Wp

}

D3 =

{

0 ≤ ηn ≤ ξ,CH+S,1Wp < C̃
*
H+S,1Wp

}

D4 =

{

ηn ≥ 0,CH+S,1Wp > C̃
*
H+S,1Wp

}

(5) 

D1 is the region bounded below by the constant function curve given 
by ηn equal to 1 and is composed by ηn values strictly larger than the unit 
value. Based on the previous considerations, it is clear that D1 domain is 
inconsistent with GES conditions since it is physically not feasible 
(despite unit cost is lower than critical one). D2 is the region bounded 
below by the ξ function curve, above by the constant function curve ηn 
equal to 1 and rightward by unit costs lower than the critical one. The 
region is the only one compatible with the GES requirements, where 
both economic constraints are simultaneously satisfied. When ηn equates 
the ξ values, the GES requirements are marginally satisfied. When ηn =

1, the system reaches its maximum economic value, as determined by 
experimental conversion efficiency. The comprised values correspond to 
an intermediate remuneration. D3 covers the region bound below by the 
constant function curve ηn equal to 0 and above by the ξ

(
CH,1Wp

)
function 

curve. In this region the ηn values are lower than the ξ values. Therefore, 
the fundamental inequality Eq. (1) is not satisfied. It represents the 
domain of economic unsustainability. The requirement on the expected 
monetary consideration for the source of capital would be unsatisfied, 
unless the energy production is sold at a price exceeding the maximum 
economically tolerable K$ value. This condition spurs the adoption of 
specific subsidizing schemes for supporting solar energy applications 
and their advancement and adoption in energy plan context. High-cost 
solar technologies should be balanced with lower-cost energy sources 
to prevent average energy prices from exceeding levels that could hinder 
economic prosperity. Under these conditions, clarifying whether the 
primary priority is mitigating environmental impacts or avoiding eco
nomic hardship caused by excessively high energy prices represents a 
necessary preliminary step. Finally, D4 includes the region bounded 
leftward by the inequality CH,1Wp larger than the critical one, C̃H,1Wp . In 
this region the GES is economically unfeasible, as already observed for 
D1 domain, since the unit costs are associated with ξ values larger than 1.

2.2. Booster reflectors-augmented photovoltaic system

Previous equations and considerations for analyzing GES of con
ventional PV system configurations, can be extended, under the same 
perspective to the analysis of booster reflectors-augmented PV—col
lectors. Mathematical derivation is presented in Appendix A. The final 
equation of the present model is the following: 

ηmin,ec

ηexp

⃒
⃒
⃒
⃒
b
= ηn,b ≥

∑ns,b
j=1(1 + d)j

ns,b2 •

(
CH,1W + CS,1W

)
•
(
1 + ar,c • γ

)
• ϕstc

K$ • φs • (1 + EFb)(1 − αb)
(6) 

The structure of Eq. (6) is clearly similar to that of Eq. (1). The main 
difference is the presence of the enhancing effect provided by an 
augmented PV system and the additional costs involved in the booster’s 
equipment. The adopted subscript “b” refers to the “boost” provided by 
such an augmented PV system. Furthermore, a few additional terms are 
defined: 

• ar,c represents the ratio between the reflector and the collector area, 
AR/AC.

• EFb represents the enhancement factor which provides a figure of the 
augmentation effect of the reflector on the collector energy pro
duction. Its general definition can be expressed by the ratio of energy 
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production associated with the boosted PV collectors over the energy 
associated to the conventional one.

• γ is related to the unit cost for purchasing, installing, and starting – 
up booster reflectors’ equipment accounted for per peak of power 
unit of conventional PV system. Specifically, γ can be meant as the 
proportional fraction of the unit cost related to the conventional PV 
system. It is a dimensionless quantity and its value will be deter
mined later.

Clearly, adding booster reflectors to PV collectors with the aim of 
reducing the overall system’s payback time would not be economically 
justified on its own. In fact, it may be more reasonable to invest those 
resources in expanding the PV surface area. Therefore, the feasibility of 
an augmented system must be assessed under the condition that: 

ns,b < ns (7) 

where ns,b and ns represent the payback time of the augmented and 
conventional PV systems, respectively. To solidify our ideas, let’s 
consider and combine (1) and (6) for determining the conditions for 
which the booster reflector equipment contributes to reducing the 
payback time and its minimization. The payback time ns,b of the 
augmented PV system can be expressed as a function of the payback time 
ns of the system without booster equipment, as shown by the following: 

(
ns,b

)2
=

(
ns,c

)2
• H ,withH =

[
1 + γ • ar,c

(1 + EFb)

]

(8) 

Eq. (8) allows us to evaluate the economic feasibility of the booster 
project, for which the additional costs, to allocate for equipping col
lectors with booster reflectors, prove to be balanced or exceeded by the 
enhancement factor effect. As long as H < 1, implying that γ • ar,c <

EFb is lower than 1, the payback time of the augmented system is lower 
than that of the “conventional” system. Conversely, if H is greater than 
1 
(
γ • ar,c > EFb

)
the economic feasibility of the augmented PV plant can 

be compromised. The case H = 1 
(
γ • ar,c = EFb

)
represents the mar

ginal feasibility threshold. The cost function ycost shows a linear depen
dence on the reflector to collector area ratio ar,c, with a slope governed 

by γ, while the enhancement factor EFb exhibits a nonlinear dependence 
on ar,c, as determined experimentally or analytically in Refs. [31–33].

In this study, EFb is determined experimentally as a function of ar,c. 
Several experiments were carried out over two-year measurement 
period, testing five different reflectors to collector area ratios, ranging 
from ar,c = 0.5 to ar,c = 3. The manufacturing phase and related techno- 
economic details of the reflectors are provided in Refs. [31–33]. Both the 
conventional and augmented systems were installed on the flat roof of 
the Solar Energy Laboratory at the Institute of Technical Physics, Uni
versity of Cagliari (Latitude: Φ = 39◦16ʹ24.13ʹ́ , north hemisphere, 
Longitude: Λ = 9◦7ʹ32.75ʹ́ , Est). Both solar systems were subjected to 
identical environmental conditions and globally optimized. In partic
ular, for both units, surface angular positions and reflector dimensions 
were designed according to optimal values predicted by the second 
optimization criterion formulated in Ref. [31–33]. Selected experi
mental results comparing the performance of conventional and 
augmented PV systems are presented in Appendix B of the supplemen
tary material (Figs. B1–B20). These figures confirm that increasing the 
collection capacity using flat specular reflectors significantly enhances 
power output, depending on ar,c. The measured values of EFb, averaged 
over yearly periods for each ar,c are plotted in Fig. 2. The same figure 
also shows the cost function ycost = γ • ar,c. A specific value of ȧr,c exists 
at which the difference EFb − ycost is maximized. At the same time, this 
optimal ratio ȧr,c minimizes the payback time of the augmented system 
and depends on the slope γ. The parameter γ quantifies the relative cost 
of boosting a conventional PV system. Based on consolidated literature 
dealing with boosted systems, as demonstrated by refs. 
[28,29,41,44–51], a realistic value for γ is approximately 10 % of the 
overall cost of a conventional PV plant. The case γ = 0.9 is plotted in 
Fig. 2, considering optimal reflector – collector angular adjustments. 
This is supported by extensive prior studies [31–33] and market surveys 
on commercial reflectors, which considered the trade-off between 
reflectivity, efficiency, and cost. The cost of commercial reflector tech
nologies is primarily influenced by spectral properties, as reported in 
specific studies [51–55]. The cost per square meter CR,1m2 can be linearly 
related to the global reflectivity ϱ as follows: 

Fig. 2. Comparison between the cost function yc
(
ar,c

)
= γ • ar,c and the experimental enhancement factor EFb

(
ar,c

)
, as a function of the reflector to collector area 

ratio ar,c.
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CR,1m2 [$/m2] = (105.67ϱ − 69.816) (9) 

High-reflectivity materials are preferred for their durability and 
contribution to enhanced power output. In this study, reflectors were 
made from anodized aluminum with an extra-bright surface (ϱ = 0.93), 
selected for its excellent mechanical and thermal properties, making it 
ideal for long-term PV booster applications [56]. The unit cost CR,1m2 

including mounting elements, varies with the plant scale: approximately 
61 $/m2 for small-scale installations and 22 $/m2 for utility-scale. These 
cost ranges correspond to γ values centered around 10 % relative to the 
total PV system cost.

2.3. Estimation of the economic parameters

The conceptual scheme developed above can be applied to com
mercial PV solar technology to shed some light on its global economic 
sustainability. All parameters involved in Eqs. (1) and (6) need to be 
quantified. It can be easily observed that the values influencing the 
quantities ns, ns,b, d, φs, μ, α, γ, EFb, ar,c and K$ may fall within a nu
merical range, rather wide. Specific economic parameters, as CH,1W, α, μ, 
γ are drawn from the last reports (2024, 2023) of U.S. Solar Photovoltaic 
System and Energy Storage Cost Benchmarks (With Minimum Sustain
able Price Analysis) [23,24]. The most appropriate numerical values are 
chosen according to the GES. More specifically, when official reports, or 
data taken from the available literature are not available in the form of a 
single deterministic value, the most conservative values are selected to 
evaluate the Global Economic Sustainability. Furthermore, a sensitivity 
analysis is conducted by varying the discount rate, the effective number 
of solar operating hours, and the investment time horizon in order to 
assess their influence on the results.

The enhancement factor EFb is experimentally determined and vali
dated in this study through a new measurement campaign. Our experi
mental results validate previously reported literature values [41,57–66]
and are consistent with the authors’ prior modeling work [31–33].

2.3.1. Relation between affordable ranges of energy cost share to gross 
domestic product ratio and sustainable energy price K$

The maximum economically sustainable unit price (K$) for energy is 
derived from the concept of a sustainable range for economy-wide en
ergy expenditures relative to GDP. According to existing literature, the 
Energy Cost Share to GDP ratio (ECSGDP) − defined as the ratio of total 
consumer expenditures on final energy (including taxes and subsidies 
but excluding non-fuel use) to national GDP − represents the annual 
proportion of GDP spent on energy consumption in market economies. 
This ratio varies among nations and circumstances.

Empirical studies highlight that elevated energy expenditures rela
tive to GDP signal a heightened risk of economic recession. Over the past 
50 years, OECD economies have demonstrated a clear correlation be
tween high energy expenditures and economic downturn (see Appendix 
C of the supplementary material for more details). Significant surges in 
energy expenditures occurred during the first (1973–74) and second 
(1979–80) oil crises, both preceding widespread recessions. A similar 
trend was observed leading to the global financial crisis starting in the 
early 2000s, peaking around 13 % in both 2008 and 2022. The only 
notable exception was the pandemic-affected year of 2020.

Several studies [6,7,67,68], based on long-term correlations between 
economic and energy time series from global datasets spanning more 
than a century, provide empirical evidence for the existence of a sus
tainable range of long-run energy expenditures. This range tends to 
gravitate toward approximately 4.2 ± 0.8% of Gross Output, corre
sponding to about 7.2 ± 1.5% of GDP. The available literature termed 
these limits as the “Bashmakov-Newbery” range. Periods of stable eco
nomic conditions typically see developed and populous nations, 
including OECD members, China, and India, allocating less than 8 % of 
GDP to energy expenditures. Exceeding this threshold generally raises 

concerns due to recessionary risks. Supplementary figures to support 
such a discussion are provided in Appendix C.

A central aspect of this study is to establish the underlying rela
tionship between the Bashmakov–Newbery sustainable expenditure 
range, expressed as a percentage value of GDP, and the upper sustain
able unit energy price K$ (expressed in $/GJ or $/MWh). The global 
Energy Intensity (EI) index serves as a bridge between GDP and K$. The 
EI index is defined as the primary energy consumption per unit of GDP. 
These values adjusted for inflation and purchasing power parity. The 
goal of such adjustments is to provide purchasing power, fixed over time 
and across countries, so that one international dollar can buy the same 
quantity and quality of goods and services no matter where or when it is 
spent. GDP is measured in international-$ at 2011 prices.

The EI index incorporates the Equivalent Primary Energy consump
tion (EPE) which is calculated applying the substitution method. In this 
approach, non-fossil sources are adjusted as if subjected to fossil-fuel 
conversion efficiency losses, based on a standardized thermal effi
ciency factor (typically set at approximately 0.40 at international level). 
The EI index (kWh/$) provides insight into efficiency of the global 
economic system, with its reciprocal value indicating how much GDP (in 
monetary terms) is generated per unit of consumed energy. It accounts 
for an absolute theoretical upper limit for energy unit price, representing 
the Maximum Sustainable energy Price (MUP) achievable if the entire 
GDP were hypothetically dedicated to purchasing primary energy inputs 
required by the economy. Therefore, 

EI− 1[kWhth./$]
− 1

= MUP[$/kWhth.] (10) 

MUP[$/kWhth.] • EPE[TWhth.] = 100%GDP[$] (11) 

Multiplying both sides of Eq. (11) by the value of the sustainable 
percentage ranges of Bashmakov and Newbery, the following relation 
can be obtained. 

ECSGDP,B− N[%] • GDP[$]/(EPE[TWhth.] ) = ECSGDP,B− N[%] • MUP[$/kWhth.]

(12) 

where the first hand of equation Eq. (12) represents the ratio of the 
sustainable amount of energy-expenditure over the Equivalent Primary 
Energy. Therefore, the second hand represents the maximum unit price 
of energy that proves to be economically tolerable for the economic 
system: 

ECSGDP,B− N[%] • MUP[$/MWhth.] = ECSGDP,B− N[%] • EI− 1[kWhth./$]
− 1

= K$,th

(13) 

In 2023, the average value of the world energy intensity index was 
approximately 1.3 [kWhth/$]. This value corresponds to an upper price 
limit of energy MUP equal to about 770 [$/MWhth.]. As the Bashmakov- 
Newbery limits span from 7.2 ± 1.5 % of GDP, Eq. (13) returns an 
average economically sustainable maximum unit price around 55 
[$/MWhth], with a minimum of 44 [$/MWhth.] and a maximum of 67 [$/
MWhth.] . Expressing these sustainable values in terms of $/BOE (barrel 
of oil equivalent) allows meaningful comparison with daily economic 
experience. The sustainable price range corresponds numerically to oil 
prices approximately between $75 and $114 per BOE, with an average 
value of $94/BOE. Recent economic hardships correlated with oil prices 
surpassing $120 per barrel reinforce this observation, and economic 
recovery typically occurs when oil prices settle below $100 per barrel. 
Consequently, a reference range for the maximum tolerable primary 
energy cost could reasonably be assumed as $(94 ± 20)/BOE or equiv
alently (55 ± 12) $/MWhth. Since this analysis specifically relates to the 
primary energy cost, adjustments must be made to account for conver
sion efficiencies when applying the analysis to electricity generation 
systems. Using a standard thermal-to-electrical efficiency factor of 0.40 
from the substitution method, the corresponding sustainable electricity 
cost, K$,el is estimated to be about 138 $/MWhel, spanning a range from 
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108 $/MWhel to 168 $/MWhel (equivalently 30–47 $/GJ). It should be 
emphasized that adopting an upper limit of 7.2 % of GDP, does not imply 
that all energy sources must individually remain below this cost. Rather, 
economic sustainability requires that higher-cost energy sources be 
offset by sufficiently lower-cost ones, so that the average energy cost 
across the system remains compatible with long-term economic 
prosperity.

2.3.2. Estimation of the photovoltaics-related parameters
The values of the input parameters CH,1W, Cs,1W, μ and α of Eqs. (1) 

and (6) are addressed below. Accurate estimation and insight into the 
long-term trajectories of PV and storage system costs, for a wide range of 
typical configurations and installation practices, become essential to 
perform realistic economic analysis and prediction and to avoid a 
mistaken estimation of the global economic sustainability of a solar 
project. The two most recent NREL cost benchmark reports [23,24]
provide detailed bottom-up cost estimates for all major components of 
PV and ESS systems, including permitting, site preparation, installation 
practices, and O&M activities. These benchmarks, based on U.S. na
tional averages, may not reflect local market specifics. In addition to the 
conventional Modelled Market Price (MMP) approach, which focuses on 
near-term market and policy scenarios by disaggregating system costs 
under current market conditions, the NREL has introduced the Minimum 
Sustainable Price (MSP) model. This innovative methodology aims to 
capture long-term cost dynamics by filtering out short-term market 
fluctuations and policy-induced distortions. The MSP benchmark iden
tifies the lowest viable prices at which suppliers can operate sustainably 
over the long term, incorporating minimal profit margins. To ensure 
long-term relevance, distorted short-term input costs are excluded, and 
each input is modeled at its minimum sustainable value. This makes the 
MSP model particularly suitable for long-term analyses and strategic 
R&D investment planning. Given these considerations, MSP-based data 
are more aligned with the goals of this study, whereas MMP-derived 
estimates may lack long-term reliability. Therefore, MSP values are 
adopted as the reference for the input parameters in Eqs. (1) and (6).

A flow chart useful to summarize the main steps of the proposed 
methodology is presented in Fig. 3.

3. Results and discussion

In this section, the results of an inter-comparison evaluation between 
different sizes and arrangements of PV-systems are discussed. Conven
tional PV-plus storage system and booster reflector-augmented collec
tors are analyzed in the residential, community solar and utility-scale 
sectors. The conditions for which these systems can be manufactured, 
installed, operated and maintained satisfying the constraints of the GES 
requirements are evaluated. Furthermore, sensitivity analysis consid
ering variations on discount rate, solar availability (± 5 % with respect 
to the reference) for all the sectors and configurations are taken into 
account to demonstrate the robustness of the obtained results.

For each sector, four configurations are tested: PV only and PV +
ESS, each in a conventional layout and with booster reflector augmen
tation. Costs are taken from the Minimum Sustainable Price (MSP) 
benchmarks released by NREL in Q1-2024. Financial inputs adopt 
payback targets consistent with the sector (8 years residential, 10 years 
community, 5 years utility) with a baseline discount rate of 4 %. Solar 
resource is represented by equivalent peak-sun hours aligned with 
typical siting for each scale (about 1500, 1700, and 2000 h yr− 1, 
respectively).

The three case studies are parameterized as follows. Residential 
sector presents a 8 kWdc rooftop PV array with 20.8 % monofacial 
modules and microinverters (DC/AC ≈ 1.21), optionally coupled to a 5 
kW / 12.5 kWh lithium–ion battery. This is representative of the 4–16 
kWdc range. Community scale presents a 3 MWdc fixed-tilt PV system 
with 20.5 % bifacial modules and string inverters (DC/AC ≈ 1.34), with 
an optional 1.8  MW / 7.2 MWh containerized battery. This brackets 
1.5–6 MWdc projects. The Utility scale presents a 100 MWdc single-axis 
tracker plant with 20.5 % bifacial modules and string inverters (DC/AC 
≈ 1.34), optionally paired with a 60  MW / 240 MWh battery. This 
represents the 50–200 MWdc class. Reflector augmentation uses an 
experimentally validated reflector-to-collector area ratio near 1.6 and a 
measured annual enhancement factor curve, with cost and performance 
grounded in prior experimental campaigns.

The interpretation of the plots is the same for all sectors. Each figure 
shows the normalized thermos-economic index ηn on the efficiency-cost 

Fig. 3. Flow chart summarizing the proposed thermo-economic model.
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plane. For a given K$ in the sustainable band (30–47 $/GJ, equivalent to 
108–168 $/MWh), the locus ηn = 1 defines the critical unit cost C̃ that 
marginally satisfies GES. If the MSP-based total unit cost lies below C̃, 
the configuration is GES-compatible; if it lies above, it is incompatible. 
Reflector augmentation shifts the locus by increasing effective yield 
through the experimentally measured enhancement factor while adding 
a modest, scale-dependent reflector cost characterized by γ. ESS affects 
both CAPEX and O&M and, at current MSP values, typically steepens the 
ηn curve so that compatibility becomes harder to achieve.

All data about the technical specifications of the PV systems (with 
and without ESS and booster reflectors’ equipment), installation, oper
ations and maintenance cost items, solar availability and the financial 
conditions applied by the source of capital are summarized in Table 1.

3.1. Residential sector

Under 2024 MSP inputs, the normalized thermos-economic index ηn 
for residential PV without storage is above unity across the entire K$

range considered. In practical terms, the total unit cost sits above the 
critical cost curve, so GES is not satisfied. This is driven primarily by soft 
costs that dominate small projects which account for about 62 % in 2024 
MSP. Fig. 4 (a) shows that unit cost trajectories continue to place the 
overall residential cost above the critical threshold across the affordable 
price range, confirming the structural gap. When storage is added, the 
gap widens. The PV + ESS configurations shift the total MSP cost further 
away from the GES-feasible region over the full K$ range as shown in 
Fig. 4(b). Results illustrate that ηn > 1, indicating that residential PV +
ESS is economically unsustainable under the long-run affordability 
constraint unless storage costs fall markedly or the electricity price ex
ceeds the GES band. Booster reflectors provide only incremental relief 
on this scale. The measured enhancement factors reported in prior 
optimization and field studies translate into small horizontal shifts of the 
ηn locus. These shifts are not sufficient to cross the critical boundary 

when soft costs dominate. The result is consistent with the engineering 
intuition that, at residential scale, administrative and customer- 
acquisition overheads rather than module-level yield are the binding 
constraint. Reflector augmentation can still be valuable for tuning pro
files or improving borderline cases but is not transformative under 
current cost structures. The apparent contradiction with the rapid 
diffusion of residential PV in high-income countries is resolved by 
recognizing policy and tariff contexts. Many markets remunerate self- 
consumption at retail levels and socialize a portion of grid manage
ment costs in end-user tariffs. For households, the avoided bill may 
exceed the macro-affordable K$ used here, improving private paybacks 
even when the configuration does not satisfy GES. The framework in this 
paper keeps the average economic value constrained to the affordability 
band to test macro-consistency rather than private profitability. This 
distinction explains why residential adoption can expand under in
centives while failing a strict GES test.

3.2. Community solar sector

Community solar occupies a middle ground between household 
systems and utility plants. Projects are large enough to capture pro
curement and construction economies of scale, yet small enough to 
interconnect at distribution level and serve a defined subscriber base. 
This scale advantage shows up in the cost structure. Hardware costs are 
materially below residential levels and soft costs, while still significant, 
are proportionally lower because developers spread permitting, inter
connection, and customer-acquisition overheads across multi-megawatt 
installations. These structural differences largely explain why commu
nity PV without storage tends to satisfy the macro-affordability test over 
a broad portion of the sustainable electricity-price range K$. See Fig. 5
where the total MSP-based unit costs lie comfortably below the corre
sponding critical cost across most of the K$ band.

Policy and tariff design help reconcile the strong market momentum 

Table 1 
Solar photovoltaic and energy storage cost benchmarks, based on minimum sustainable price at Q1 2024 and Q1 2023. The costs are expressed in real USD 2023 and 
2022, respectively. *Sustainable Unit Cost value of energy ranges between K$,min = 108 $/MWhe, (equivalent to 30 $/GJ) and K$,max = 168 $/MWh (equivalent to 47 
$/GJ).

PV system without ESS unit Residential Community Solar Utility-Scale

System Size [W] 8 kWdc 3 MWdc 100 MWdc
Solar Source Availability ψs = 171[W/m2], Npk = 1500[h/yr]φS 

= 5.4[GJ/m2yr]
ψs = 194[W/m2], Npk = 1700[h/yr]φS 
= 6.12[GJ/m2yr]

ψs = 228[W/m2], Npk = 2000 [h/ 
yr]φS = 7.2[GJ/m2yr]

Min ÷ Max values of K$ [$/GJ] − [$/MWh] K$min = 30–108 
K$max = 47–168

K$min = 30–108 
K$max = 47–168

K$min = 30–108 
K$max = 47–168

ESS unit [W] ÷ [Wh] 5 [kW] ÷ 12.5 [kWh] 1.8[ MW] ÷ 7.2 [MWh] 60 [MW] ÷ 240 [MWh]
ar,c = Ar/Ac 1.6 1.6 1.6
γ[%] 9 9 9
Economic data
Reference year 2023 2024 2023 2024 2023 2024

PV Hardware’s Unit Cost, CH,1W [$/Wdc] 0.95 1.03 0.59 0.64 0.56 0.59
PV Soft’s Unit Cost, Cs,1W [$/Wdc] 1.38 1.7 0.89 0.70 0.41 0.39
μ = Cs,1W/CH,1W/ 1.45 1.65 1.5 1.1 0.73 0.67
Total Unit Cost [$/Wdc] 2.34 2.74 1.48 1.34 0.97 0.98
PV’s O&M Unit Cost Cop,1W[$/Wdcy] 0.02878 0.02983 0.03982 0.02184 0.01611 0.01868
(α⋅K$){[$/GJ], [$/MWh] } 5.32 ÷ 19.19 5.52 ÷ 19.89 6.51 ÷ 23.42 3.56 ÷ 12.85 2.32 ÷ 8.1 2.6 ÷ 9.34
α at K$min [%] 17,8 18,4 21,7 11,9 7,5 8,6
α at K$max [%] 11,33 11,8 13,8 7,6 4,8 5,5
Payback time ns [y] 8 8 10 10 5 5
PV system þ ESS unit ​
PV þ ESS Hardware’s Unit Cost, CH,1W [$/Wdc] 1.63 1.8 1.13 1.00 1.1 1.03
PV þ ESS Soft’s Unit Cost Cs,1W [$/Wdc] 2.25 2.7 1.19 0.99 0.55 0.7
μ = Cs,1W/CH,1W(PV þ ESS) 1.38 1.49 1.05 0.98 0.5 0.68
Total Unit Cost, [$/Wdc] 3.88 4.49 2.32 1.99 1.65 1.73
PV & ESS’s O&M Unit Cost Cop,1W[$/Wdcy] 0.06128 0.07035 0.07525 0.04553 0.05073 0.04797
(α⋅K$){[$/GJ], [$/MWh] } 11,3 ÷ 40,9 13,0 ÷ 46,9 12,3 ÷ 44,3 7,4 ÷ 26,8 7,0 ÷ 25,4 6,7 ÷ 24
α at K$min [%] 37,8 43,4 41 24,8 23,5 22,2
α at K$max [%] 24,1 27,7 26,2 15,8 15.1 14,2
Min ÷ Max values of K$ [$/GJ] ¡ [$/MWh] K$min = 30–108 

K$max = 47–168
K$min = 30–108 
K$max = 47–168

K$min = 30–108 
K$max = 47–168

A. Di Meglio et al.                                                                                                                                                                                                                              Energy Conversion and Management 353 (2026) 121202 

9 



of community programs with the GES framework. Many jurisdictions 
credit subscribers at or near retail rates via bill-credit mechanisms, add 
location-based adders for constrained feeders, and compensate renew
able attributes separately. These features increase the private value of 
delivered kilowatt-hours above the macro-averaged K$ used here, 
improving developer and subscriber economics even when some con
figurations sit close to the GES boundary. In our formulation, the 
average economic value of energy must remain within the affordability 
band to preserve macro-consistency; private cash flows can be higher if 
they are offset elsewhere in the system. This distinction clarifies why 
community PV can expand under supportive crediting while still 
requiring a check against the long-run affordability constraint. Fig. 5(a) 
illustrates that at the lower end of the sustainable range (around 30 
$/GJ) projects may become marginal, but modest optical augmentation 
shifts borderline cases back into feasibility.

Including the storage changes the picture as adding a lithium–ion 
system increases both upfront capex and O&M, steepening the normal
ized thermos-economic curve. Compliance with the GES appears only 
near the upper end of the affordability band and remains sensitive to 
small deviations in resource, cost, or finance parameters. In these PV +
ESS cases (Fig. 5(b)), booster reflectors help, chiefly by raising effective 
yield rather than meaningfully lowering soft-cost burdens, and they can 

pull select projects just inside the feasible domain at high K$. However, 
because the feasibility margin is narrow, small cost increases or per
formance shortfalls can push the system outside GES.

Two practical implications follow. First, the community segment is 
the natural “sweet spot” for near-term macro-consistent deployment 
without storage as it captures much of the utility-scale cost structure 
while avoiding the heavy soft-cost loading that penalizes rooftops. 
Second, where program rules seek to couple community PV with firm
ing, the macro sustainability gap should be addressed explicitly by tar
geting sites with superior resource and interconnection conditions, or by 
driving further cost reductions in storage and soft-cost line items.

3.3. Utility scale sector

At utility scale the normalized thermo-economic index reveals the 
broadest compatibility with Global Economic Sustainability. Tracking 
arrays at this size combine disciplined EPC and O&M practices with high 
specific yield, which places the MSP-based total unit cost well below the 
critical unit-cost curve across most of the sustainable price band. Under 
the 2024 MSP, the cost stack shifts upward and the feasibility margin 
narrows, yet PV without storage remains inside the GES-consistent re
gion over a large sub-range of K$ (Fig. 6).

Fig. 4. Residential PV sector without (a) and with (b) ESS, under 2024 MSP long term analysis. Normalized thermo-economic efficiency index ηn, as a function of the 
unit cost, for conventional and augmented booster reflector collector arrangement.

Fig. 5. Solar Community PV sector, without(a) and with (b) ESS, under 2024 MSP long term analysis. Normalized thermo-economic efficiency index ηn, as a function 
of the unit cost, for conventional and augmented booster reflector collector arrangement.
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The steeper gradient of the utility curves, compared to the commu
nity projects, is a direct consequence of the five-year payback horizon. A 
shorter horizon raises the annualized capital requirement captured by 
the index, so small movements in either cost or yield translate into larger 
movements against the ηn = 1 frontier. This is why feasibility tightens as 
K$ approaches the lower end of the band even though the absolute MSP 
values are the lowest at this scale. The behaviour is financially coherent. 
Compressing recovery of the capital to five years demands a higher 
effective efficiency or a lower total unit cost to keep macro affordability 
intact.

Reflector augmentation increases the available feasibility margin 
where it is most critical. By increasing effective yield with a modest and 
well bounded cost adder, reflectors shift the operating point toward the 
feasible region when K is close to its lower limit. The engineering 
takeaway is that reflectors are a sensible design lever for low-K or lower- 
yield sites, but they are not a substitute for cost discipline in EPC and 
O&M.

Adding storage changes the verdict. The 60 MW / 240 MWh block 
raises CAPEX and O&M enough to move the PV + ESS operating point 
above the critical curve for the entire sustainable price range as shown in 
Fig. 6(a) and (b). The incremental yield from reflectors cannot close this 
gap because it accrues only to the PV side while storage costs dominate 
the delta. Within the index this appears as ηn remaining above unity 
across all K$, which signals macro-infeasibility rather than a marginal 
miss.

3.4. Sensitivity analysis

A dedicated sensitivity analysis is performed to assess how variations 
in key techno-economic parameters influence the feasibility of photo
voltaic systems under the Global Economic Sustainability (GES) frame
work. Two complementary perspectives were examined. The first 
focuses on extending the operational lifetime of the system beyond the 
chosen payback period, in order to determine the minimum number of 
years required for each configuration to enter the GES-compatible re
gion. The second explores the upper limit of the discount rate that 
preserves economic sustainability, while simultaneously introducing a 
± 5 % perturbation in annual solar availability with respect to the 
reference value. The first part of the analysis investigates how the 
thermo-economic balance evolves when the number of operational years 
increases. Since the normalized thermo-economic efficiency decreases 
with longer lifetime, the boundary between sustainable and unsustain
able configurations shifts accordingly. In this study, the operational 
lifetime was progressively extended up to a maximum of 35 years, 

corresponding to the typical end-of-life management horizon for com
mercial PV installations. For each sector and system configuration, the 
objective is to identify the minimum operational lifetime at which the 
system becomes compatible with GES requirements, particularly when 
the electricity price assumes the lower bound of the sustainable range 
(30 $/GJ). The results reveal three distinct behaviors across the resi
dential, community, and utility-scale sectors. In the residential sector, 
the extension of the operational lifetime has a markedly different effect 
depending on whether storage is included. When only the PV system is 
considered, increasing the lifetime to the upper limit of 35 years allows 
the installation to enter the GES-feasible region. This indicates that, 
despite the structurally high share of soft costs that characterizes small- 
scale systems, a sufficiently long operating horizon is able to reduce the 
annualized economic burden to the point where the normalized thermo- 
economic index falls below unity. When storage is added, however, the 
situation changes completely. Even when the lifetime is extended to its 
maximum value, the additional cost associated with the ESS prevents 
any convergence toward economic sustainability. The community solar 
sector exhibits a more favorable response. For PV-only systems, 
extending the operational lifetime to approximately 18 years proves 
sufficient for full GES compliance. At this threshold, the critical cost 
associated with the thermo-economic locus lies below the sector’s unit 
cost for all sustainable electricity-price values, including the minimum 
of 30 $/GJ. When storage is included, however, the situation becomes 
more delicate. Only at the maximal lifetime of 35 years do PV + ESS 
systems with booster reflectors approach sustainability conditions. The 
conventional PV + ESS configuration, in contrast, remains outside the 
feasible region, since even at extended lifetimes the normalized thermo- 
economic efficiency stays above unity. This highlights the role of booster 
reflectors as a marginal, although not decisive, enhancement mecha
nism in scenarios where storage costs dominate the economic balance. In 
the utility-scale sector, the influence of lifetime extension is even 
stronger. Owing to economies of scale and higher solar resource avail
ability, only eleven years are required for PV-only systems to enter the 
GES-compatible region. When storage is integrated, the system is not 
sustainable under the baseline assumptions used in previous sections, 
which adopt a strict payback time of five years. However, when the 
operational horizon is extended to 35 years, both conventional and 
reflector-enhanced PV + ESS configurations fall within the sustainable 
domain throughout the entire electricity-price range. This demonstrates 
the strong sensitivity of utility-scale PV + ESS systems to the choice of 
financial horizon: once the severe constraint of short-term capital re
covery is relaxed, the thermo-economic balance becomes more favor
able, even in the presence of expensive storage assets. All corresponding 

Fig. 6. Utility Scale PV sector, without (a) and with (b) ESS, under 2024 MSP long term analysis. Normalized thermo-economic efficiency index ηn, as a function of 
the unit cost, for conventional and augmented booster reflector collector arrangement.
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figures, constructed in the same form as the efficiency-cost planes used 
in the main analysis, are reported in Appendix D of the supplementary 
material (Figs. 1D–6D) for each sector and configuration.

The second part of the sensitivity analysis examines the combined 
influence of the discount rate and annual solar availability on the 
feasibility of the different PV configurations. This identifies, for every 
assumed operational lifetime, the maximum discount rate below which 
the system remains GES-compliant. In parallel, the annual solar resource 
was perturbed by + 5 % and − 5 % relative to the reference value, in 
order to account for variability in local climatic conditions and un
certainties in long-term irradiation estimates. The results are repre
sented in the (ns, d) plane, where each point corresponds to a specific 
combination of operational lifetime and discount rate. The thermo- 
economic model naturally divides this plane into two macro-regions: a 
lower region in which the system satisfies GES constraints and an upper 
region in which sustainability is lost. For both bounds of the sustainable 
electricity-price range, four curves included in the (ns, d) plane: two for 
solar availability and its ± 5 % variations for conventional systems, and 
two curves for reflector-enhanced configurations. Across all sectors, the 
analysis reveals a consistent trend, as shown in Figs. 7, 8, and 9. As 
expected, longer operational horizons allow progressively higher dis
count rates while preserving GES compliance. For a fixed lifetime, 
utility-scale systems (Fig. 9) exhibit the largest sustainable zone in the 
(ns, d) plane, reflecting their favorable cost structure and higher energy 
yields. Community-scale (Fig. 8) installations occupy an intermediate 
position, while residential systems (Fig. 7) display only a narrow sus
tainable region, in agreement with the baseline results discussed earlier. 
When the discount rate is fixed at 4 %, one recovers precisely the same 
lifetime thresholds, previously identified for each sector, is clearly ob
tained, confirming the consistency of the model. Introducing the energy 
storage substantially reduces the size of the GES-feasible region, as it 
visible from Figs. 7, 8 and 9(b). In the residential sector, the area of 
sustainability becomes an extremely thin strip, observable only at the 
upper bound of the sustainable electricity-price range. The community 
sector also displays a contraction of the feasible region, though booster 
reflectors help maintain sustainability near the highest electricity-price 
values. The utility-scale sector shows greater resilience, but even here 
the inclusion of storage narrows the feasible region and increases the 
sensitivity of the design to small reductions in solar availability.

Overall, the sensitivity analysis indicates that GES compliance is 
primarily governed by the operational lifetime and discount rate across 
all sectors, with utility-scale systems showing the widest tolerance to 
higher discount rates and shorter lifetimes. Community-scale systems 
exhibit an intermediate between the utility scale and the residential 
sector. The latter remains highly constrained, especially when storage is 

included. Variations in solar availability play a secondary but non- 
negligible role, mainly affecting designs including the presence of the 
storage.

4. Conclusions

This study frames photovoltaic feasibility through the perspective of 
Global Economic Sustainability, which incorporates long-term empirical 
evidence on the sustainable share of income devoted to energy that 
supports economic growth. According to the first Bashmakov–Newbery 
law of energy transition, sustained exceedance of affordability thresh
olds is commonly associated with an elevated risk of economic down
turn, adversely affecting typical economies.

The present analysis translates this evidence into a sustainable range 
for electricity and primary energy unit prices, together with an upper 
affordability limit. An analytical relationship between the Bashma
kov–Newbery range and the sustainable unit energy price K$ is derived 
and supported by long-term global data on Gross Domestic Product, 
energy intensity, and primary energy use. The study identifies a narrow 
sustainable energy price corridor gravitating around 94 ± 20 $/BOE for 
primary energy and 38 ± 8 $/GJ for electrical energy.

To assess the viability of commercial photovoltaic technology within 
these boundaries, thermodynamic and economic principles are properly 
linked into a normalized thermo-economic energy conversion efficiency 
index. This index is implemented within a simulation framework to 
identify domains of thermo-economic feasibility in which photovoltaic 
installations can be manufactured, installed, operated, and maintained 
in accordance with Global Economic Sustainability requirements.

By incorporating trajectories of capital, technological, and O&M 
costs together with energy performance under different operating con
ditions, the model sets the Global Economic Sustainability threshold for 
commercial photovoltaic technologies across residential, community 
solar, and utility-scale sectors, considering configurations with and 
without energy storage systems. The contribution of low-cost techno
logical improvements to Global Economic Sustainability (GES) was 
investigated experimentally by analyzing optimal booster reflector- 
augmented collector configurations. Concrete photovoltaic configura
tions were evaluated using recent cost benchmarks and measured 
resource data. Assumptions, system boundaries, and units were explic
itly defined.

Key findings can be summarized as follows. 

• Large-scale photovoltaic sectors can follow a fully unsubsidized 
pathway for scaled-up manufacturing, using labor paid at fair market 

Fig. 7. Sensitivity analysis by varying the number of years to obtain the upper limit of the discount rate, residential sector without storage (a) and with storage (b) 
with a variation of solar source of ± 5 %.
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wages, to deliver end-user energy that satisfies GES requirements, 
even before the end of their operational lifetime.

• When energy storage is included, affordability costs approach their 
critical threshold, and photovoltaics with storage configurations in 
both community and utility-scale sectors fail the GES test unless 
favorable long-term cost and financial projections are assumed.

• Booster reflectors can marginally restore community and utility- 
scale projects to the sustainable range of energy expenditure; how
ever, even small deviations from optimal economic or financial 
conditions, or from key energy explanatory variables, may attract the 
solar projects outside the Bashmakov–Newbery region.

• The residential sector exhibits the most critical scenario, even over 
the full lifetime horizon, as its cost structure is dominated by pre
ponderant soft costs (approximately 62 % of the total), placing its 
critical cost entirely outside the GES range. Reflector augmentation 
provides only modest performance gains.

The analysis developed here is not prescriptive and should not be 
interpreted as a definitive assessment of photovoltaic technology. 
Rather, it provides a robust analytical framework to support planners 
and regulators in assessment and scenario development concerning the 
future role attributed to commercial photovoltaic technologies within 
the broader energy transition. The framework complements levelized 
cost metrics by highlighting combinations of cost structure, resource 

availability, and financing conditions consistent with Global Economic 
Sustainability.

Future research should embed the proposed index in time-resolved 
power system models, explicitly accounting for environmental exter
nalities and supply-chain risks, calibrate sustainable energy prices by 
country and sector, and test robustness under policy changes and cost 
volatility.

To situate these results within the current technological context, it 
should be noted that decades of investment have made mono-junction 
crystalline silicon photovoltaics reliable and cost-effective, but their 
efficiency is now approaching practical limits, leaving limited room for 
further improvement. However, the urgency of climate change demands 
faster and more affordable scale-up pathways beyond sustained reliance 
on subsidized installations. Third-generation technologies—including 
organic, heterojunction, and perovskite solar cells—show potential for 
large-scale adoption driven by higher learning rates, but remain in early 
industrialization stages, where both risks and opportunities coexist.

As global temperatures approach the 1.5 ◦C threshold, Humanity’s 
ability to choose whether to harness the radiation from the Sun’s natural 
nuclear reactions or be forced to rely on artificial reactions within our 
own reactors will depend on the success of our endeavors to fully exploit 
all the mechanisms offered by solar energy.

Fig. 8. Sensitivity analysis by varying the number of years to obtain the upper limit of the discount rate. Solar-community sector without storage (a) and with storage 
(b), with a variation of solar source of ± 5 %.

Fig. 9. Sensitivity analysis by varying the number of years to obtain the upper limit of the discount rate. Utility-scale sector without storage (a) and with storage (b).
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