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Abstract

Aligning environmental objectives with economic performance is an ongoing chal-
lenge in the renewable energy transition, especially in emerging solar markets facing 
operational inefficiencies and uneven policy implementation. This paper examines the 
environmental and economic efficiency of large-scale solar energy conversion proj-
ects by employing a Material Flow Cost Accounting methodology based on ISO 14051 
standards. Based on the operating and financial performance data of 83 solar energy 
conversion projects (46 from India and 37 from Jordan) covering the period 2017–
2023, avoidable energy loss costs due to dust settling, heat stress, grid curtailment, and 
plant downtime have been estimated and quantified cumulatively in both settings. The 
findings indicate a technical efficiency of 88.4% and 77.9% with an average energy loss 
potential of 128 and 274 gigawatt-hours per year in both settings of Jordan and India, 
respectively, causing an economic loss potential of 9.2% and 18.7%, respectively, collec-
tively amounting to a financial loss potential of about 54.6 million annually. Systematic 
plant maintenance and coordinated use in electric grids increased output potential by 
about 16% and lowered costs by 13%, with efficient management options collectively 
leading to an 11.5% increase in financial returns in Jordan and a 19.3% boost in India’s 
financial performance. Based on findings, MFCA methodology is indeed capable of 
interlinking environmental protection with economic performance for efficient, sus-
tainable energy policymaking within developing nations.
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INTRODUCTION

The international transition toward renewable energy has accelerated 
the deployment of utility-scale solar photovoltaic (PV) systems in de-
veloping and emerging economies. However, the sustainability value 
of solar investment depends not only on installed capacity but on de-
livered electricity and the efficient use of land, materials, and operating 
resources. In many solar markets, realized generation falls below tech-
nical potential because output is reduced by avoidable losses linked to 
soiling (dust accumulation), high module temperatures and thermal 
mismatch, equipment faults and downtime, and grid curtailment.

These loss drivers are economically and environmentally consequen-
tial. In arid environments, empirical evidence indicates that soiling 
losses can exceed 30% of the total energy generated per annum, imply-
ing substantial avoidable inefficiency when cleaning schedules, moni-
toring routines, and maintenance governance are not aligned with site 
conditions (Ahmed et al., 2024). The practical challenge addressed in 
this study is methodological integration: operational losses in utility-
scale PV are routinely quantified in physical terms, yet their transla-
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tion into harmonized, decision-relevant cost metrics remains uneven across empirical assessments, re-
ducing the coherence of environmental–economic performance measurement.

To strengthen this linkage, the study applies Material Flow Cost Accounting (MFCA) logic (ISO 14051) 
to monetize avoidable generation losses as waste/resource costs, making inefficiency visible in financial 
terms that support operational prioritization and policy benchmarking (Tran et al., 2025). The empiri-
cal analysis covers 83 utility-scale PV projects (46 in India; 37 in Jordan) over 2017–2023. Country se-
lection is theory-driven: India represents a large-scale deployment environment where policy diversity 
and grid-integration realities can intensify curtailment and variability in realized output (Rajagopalan 
& Breetz, 2022), while Jordan offers a smaller, more centralized regulatory setting with distinct pric-
ing and net-metering arrangements relevant to performance governance (Halimatussadiah et al., 2024). 
Accordingly, this study contributes by developing and applying an MFCA-based performance measure-
ment procedure that translates plant-level loss mechanisms into comparable cost outcomes, enabling 
a structured comparison of environmental–economic performance across contrasting institutional 
contexts.

1. LITERATURE REVIEW  

AND HYPOTHESES

There has been increased attention within the field 
of solar energy with regard to the means by which 
renewable energy can be a factor for sustainable 
growth without subsequently being rendered un-
economic. A common drawback within this area 
of research is the lack of a link between resource 
efficiency and cost with regard to its monetary en-
vironmental impact. Solar energy projects may 
generate low-carbon energy; however, they may 
currently fail to achieve optimal cost due to finan-
cial and environmental disparities simultaneously 
considered in these projects. This is highlighted 
within the forthcoming discussion through a syn-
thesis of existing viewpoints with regard to effi-
ciency and cost within large-scale solar projects.

Comprehensive approaches in environmental eco-
nomics involve balancing economic growth with the 
conservation of the environment by incorporating 
costs associated with the environment within eco-
nomic frameworks. Environmental economists have 
long emphasized the need to bridge the gap identi-
fied between the economic value assessed for policy 
purposes and cost measurement approaches used for 
implementation purposes in macroeconomic tools 
such as taxes and subsidies, with microeconomic 
frameworks, which lack accuracy in assigning eco-
nomic costs for environmental wastages in a situa-
tion of economic inefficiency. It is within this need 
for a cost-assessment tool capable of assigning eco-
nomic costs associated with environmental degrada-

tion that Material Flow Cost Accounting emerged. It 
is governed by ISO 14051 within the International 
Organization for Standardization and assigns costs 
both to the productive output and waste generated in 
terms of energy and material flow subsystems within 
a productive setting. Its direct objective is to achieve 
economic efficiency by monetizing wastages and as-
signing cost-effectiveness targets within sustainable 
frameworks (Dekamin et al., 2025; Tran et al., 2025).

However, despite the consistency of MFCA with 
environmental economic theory, empirical evi-
dence has established a restricted field of usage of 
MFCA only in manufacturing sectors (Sithole et 
al., 2025). Its restricted field of study obstructs the 
potential contribution of MFCA toward sustain-
able governance and renewable energy sources 
(Michailidis et al., 2025). Environmental account-
ing research is currently conceptualizing MFCA 
only within the boundaries of a disclosure exer-
cise instead of a forecasting tool. According to 
Morshed (2024a), few studies assess the potential 
use of cost accounting information in designing 
instruments like environmental taxes, perfor-
mance subsidies, and efficiency bonuses, which 
represent prime instruments of environmental 
economic theory. Thus, inefficient performance 
within firms is currently decoupled with the per-
formance of environmental policies at the nation-
al level (Wong, 2025).

Within the renewable energy sector, this dispar-
ity is exacerbated. Even the technical evaluations 
of solar energy technologies have soundly noted 
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physical components related to dust accumulation, 
heating effects, and curtailment effects within 
those technologies, although most have remained 
channeled within an engineering methodology 
rather than an environmental-economic frame-
work (Behera et al., 2024; Estevão & Lopes, 2024). 
For instance, although rates of soiling within ar-
id zones can reach over 30% per annum of total 
generated energy, few accounts for these rates in 
correlative measures of diminished heliophys-
ics-based carbon outputs, let alone diminished 
national income (Ahmed et al., 2024; Barbosa et 
al., 2023). Again, despite these rates, the inher-
ent scope is myopically narrowed away from the 
manifest premise. Physical “inefficiencies” within 
so-called “clean energy” technologies represent a 
functional failure within an elementary anthro-
pology, instead being a form of Anthropogenic 
efficiency with a determinable level of cost 
(Vardhan et al., 2024), highlighting the potential 
uses of MFCA within an elemental technological 
critique (Zhang et al., 2024).

The conceptual linkages between environmental 
economics and energy efficiency can be identified, 
but lack consistent application. While environ-
mental economics focuses on cost internalization 
tools such as taxes and subsidies, MFCA evalu-
ates process-level inefficiency (Liepold et al., 2025; 
Venkatachalam, 2025). The lack of empirical work 
incorporating both sides is due to a split within 
sustainability science research, with macro-level 
policymaking tools being designed independent 
of micro-level observations, and micro-level ac-
counting foregoing policymaking entirely. This 
conceptual gap reduces the explanatory potential 
of environmental economics and contributes to a 
lack of energy efficiency performance in projects 
despite technological advancements (Abonamah 
et al., 2025; Belkahla, 2025). New approaches un-
derstand a conceptual synthesis of economic in-
centives with environmental accounting being 
paramount within contemporary research about 
performance within institutional settings.

A related methodological problem is the use of 
pure quantitative efficiency indexes. A significant 
amount of empirical research concerning projects 
related to renewable energies uses indexes related 
to performance based on output, excluding any 
institutional and policy aspects (Chatzistamoulou 

& Koundouri, 2024; Siddiqui & Paliwal, 2025). 
Although stochastic frontier analysis and data en-
velopment analysis provide a precise degree of 
ranking from a statistical standpoint, they disre-
gard the impact of governance quality, financial in-
centives, and environmental enforcement concern-
ing functional performance (Cespedes-Cubides & 
Jradi, 2024; Xu et al., 2025). Thus, present efficiency 
indexes represent a robust technological process 
devoid of an environmental scope. MFCA can be 
combined with these econometric methods.

The difference in contexts between India and 
Jordan helps identify these theoretical and em-
pirical gaps. India is developing solar energy 
infrastructure quickly but is characterized by 
policy diversity, weak acceptance into the ener-
gy grid, and unstable curtailment management 
(Rajagopalan & Breetz, 2022). Environmental ac-
counting in India’s renewable energy infrastruc-
ture is inconsistent and mostly confined within 
financial reports and unconnected to cost perfor-
mance measurement (Aoun et al., 2024; Morshed, 
2024b). The energy infrastructure in Jordan is 
smaller but centralized within the umbrella of the 
Ministry of Energy and Mineral Resources, with 
fixed prices and net metering schemes, although 
with infrastructure constraints and policy rigidity 
(Halimatussadiah et al., 2024; Wong & Dewayanti, 
2024). This comparison of cases indicates a re-
search gap.

A critical overview of existing research stresses the 
importance of a better conceptual understanding 
of the institutional quality factor in pursuing effi-
ciency in environmental-economics frameworks. 
Rather, neoliberal frameworks often postulate effi-
cient delivery without concern for administrative 
divergence or limited data access (Akpan & Kama, 
2024; Qayyum et al., 2024). Yet, existing empirical 
evidence has established the presence of institu-
tional bias in the transmission of incentives and 
in the performance of fiscal instruments (Sethi et 
al., 2024). For instance, in India, unstable delivery 
of renewable mandatory procurement weakens 
investment morale and accountability among en-
ergy producers. Secondly, in other nations, includ-
ing the Jordanian setting, although formal instru-
ments appeared soundly designed, fiscal strength 
hobbles governmental support in delivering on ef-
ficiency augmentation (Morshed, 2025a).
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A related area of disparity exists with regard to the 
economic performance of developing versus in-
dustrial economies. Developed nations’ environ-
mental accounting infrastructure is improved by 
online tracking, life-cycle assessments, and con-
sistent policy frameworks (Ahmed et al., 2025; 
Garcia-Herrero et al., 2025). For newly develop-
ing economic nations, such as India and other na-
tions, including Jordan, data unavailability, lack of 
organization in related frameworks, and lack of 
interorganizational integration know-how ham-
per economic performance tracking (El Haouat 
et al., 2025). This promotes an uneven playing 
field for comparative analysis of economic perfor-
mance with regard to environmental protection 
and causes a lack of cohesion among international 
frameworks related to sustainable economic per-
formance tracking (Wendling et al., 2022). Lack 
of those local frameworks’ adaptation tools for 
transforming local-scale operating data sources 
into common environmental-economic perfor-
mance parameters leads to an uneven playing field 
in international economic performance tracking 
(Bader et al., 2025). MFCA would reduce these as-
pects’ unevenness if expanded into macro-scale 
energy projects, facilitating transparent, compar-
ative, and monetary performance data regardless 
of disparate institutional frameworks’ presence 
(Oshilalu, 2024).

The literature shows a restricted understanding 
of these externalities other than those related 
to greenhouse gas emissions. Secondary exter-
nalities, including resource depletion, land use 
change, and waste creation and disposal, remain 
undervalued (Mahieux et al., 2025; Paniagua & 
Rayamajhee, 2024). Solar energy, despite being 
an environmentally beneficial energy source, en-
tails high opportunity costs with regard to land 
use, natural resource utilization, and disposal of 
waste products generated upon termination of 
use (Nwadiaru et al., 2025). Currently, these costs 
embedded in secondary externalities can be esti-
mated only indirectly by existing environmental-
economic models, leading to inaccurate estimates 
of sustainable options. MFCA broadens the scope 
of environment-economic assessments from emis-
sion minimization to an efficient utilization of re-
sources by estimating both types of costs – direct 
and indirect costs associated with resource deple-
tion (Callon et al., 2025; Haddad et al., 2024).

However, research in environmental economics is 
fragmented both chronologically, geographically, 
and methodologically. A majority of these studies 
use only a short-term approach and a single-coun-
try setting and often fail to identify a joint effect of 
climate variability, governance, and institutional 
quality on sustainability (Alsmadi & Alrawashdeh, 
2025). Disintegration in research makes it harder 
for comparative analysis, especially within devel-
oping economies like India and Jordan, where va-
rieties of governance and administrative capabili-
ties within these regions create a distinction in re-
newable energy efficiency. Environmental literacy 
is a major failure in a majority of projects, with 
the inability often lying in the comprehension 
and utilization of environmental data rather than 
technological limitations (Taqa, 2025).

In conclusion, existing research shows a strong 
theoretical base but a lack of empirical integration 
for renewable energy costs and the environment. 
The determinants of performance, namely institu-
tional quality, fiscal institutions, and data trans-
parency, appear prominently despite being rela-
tively unexamined areas in existing research. Thus, 
the importance of a comparative and data-driven 
approach is emphasized, which combines micro-
efficacy with macro-environmental accountabil-
ity, because we seek to create an environmental-
economic framework incorporating Material Flow 
Cost Accounting to analyze and compare the effi-
cacy of utility-scale solar energy in both India and 
Jordan based on the economic outcomes of exist-
ing operational inefficiencies.

Hypotheses are proposed as follows:

H1: Operational inefficiencies in large-scale so-
lar energy systems differ between India and 
Jordan due to regulatory, climatic, and insti-
tutional variations.

H2: The use of Material Flow Cost Accounting 
reveals greater financial and environmen-
tal losses in markets with weaker policy 
enforcement.

H3: Environmental-economic factors such as 
taxation, subsidies, governance, and educa-
tion moderate the link between inefficiency 
and cost performance.



68

Environmental Economics, Volume 17, Issue 1, 2026

http://dx.doi.org/10.21511/ee.17(1).2026.06

H4: Integrating Material Flow Cost Accounting 
with environmental-economic modelling 
improves forecasting accuracy and policy 
alignment.

H5: Institutional and policy coherence deter-
mines the effectiveness of environmen-
tal accounting in achieving sustainability 
outcomes.

2. METHOD

This paper used a quantitative comparative de-
sign with secondary data to assess environmental 
and economic efficiency in utility-scale solar en-
ergy facilities with Material Flow Cost Accounting 
(MFCA) based on the International Organization 
for Standardization 14051 standard. Tracing avoid-
able energy loss costs with MFCA allowed mapping 
physical loss sources with economic and environ-
mental implications.

India and Jordan were selected using a theory-driven 
comparative case logic (“most-different systems”): 
the technology under study (utility-scale solar PV) 
is comparable, while the institutional architecture, 
policy instruments, and operating environment dif-
fer in ways that are expected to shape realized gen-
eration and the monetized cost of avoidable losses. 
India represents a large-scale, rapidly expanding 
solar market (installed capacity exceeding 70 GW 
in 2024) characterized by a decentralized, multi-
state governance structure, heterogeneous tariff 
arrangements, and uneven grid-integration condi-
tions across jurisdictions, which can translate oper-
ational degradation and curtailment into materially 
different economic outcomes across plants and re-
gions (Lal et al., 2025; Rajagopalan & Breetz, 2022). 
In contrast, Jordan represents a smaller and more 
centralized energy market governed through a uni-
fied institutional framework, with stronger central 
control over tariffs, project coordination, and sec-
tor-level cooperation. Jordan’s arid conditions (low 
rainfall and frequent dust exposure) also make it a 
relevant setting for assessing soiling-related losses 
and their cost implications within a stable national 
regulatory environment (Salah et al., 2023).

This pairing strengthens identification in two 
ways. First, it enables the analysis to examine 

whether MFCA-based cost translation of physical 
losses (soiling, thermal stress, downtime, curtail-
ment) remains decision-useful and comparable 
under divergent governance regimes. Second, it 
improves external validity by testing the frame-
work across two emerging-market contexts (South 
Asia and MENA) where institutional capacity 
and policy coherence are frequently cited as de-
terminants of environmental and economic per-
formance in energy transitions (Michailidis et al., 
2025). From an academic standpoint, this com-
bination provides a natural experiment with a 
similar technological objective but very different 
institutional logics. This contrast makes it easier 
for the analysis to distill the impact of governance 
quality, a coherent regulatory framework, and ad-
ministrative capabilities on environmental-eco-
nomic efficiency independently of technological 
and climate determinants. This comparison of the 
two national cases may be an excellent model test 
of the applicability of the MFCA approach with a 
different institutional setting in terms of whether 
institutional factors or the institutional-techno-
logical combination play a leading role in deter-
mining environmental-economic performance.

This analysis relies solely on established, verified 
secondary data from public, authentic sources, in-
cluding governmental and international platforms, 
over the period 2017–2023. For India, the second-
ary sources included the CEA’s renewable ener-
gy reports and dashboards issued every month, 
physical progress and achievement reports of the 
MNRE, and performance norms offered by the 
CERC. For the other nation, namely Jordan, sec-
ondary sources included the annual reports issued 
by the energy ministry – MEMR – and were veri-
fied with statistics offered by EMRC. Supporting 
climate and governance facts were derived 
from NASA’s datasets POWER and Copernicus 
ERA5, the World Bank’s Worldwide Governance 
Indicators, and OECD Environmental Policy 
Stringency indexes, respectively (Alshehadeh et 
al., 2025).

All files were downloaded from authenticated offi-
cial websites, verified for internal consistency, and 
converted into standardized measurement units 
and currencies (USD). The compiled and pro-
cessed dataset is publicly archived in the Zenodo 
repository (Morshed, 2025b). This dataset has not 
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been used in any previous publication and ensures 
transparency, reproducibility, and open-science 
compliance (Morshed et al., 2024).

The plant population consisted of photovoltaic in-
stallations > 5MW with continuous operation dur-
ing 2018–2024. Criteria for purposive sampling in-
cluded installations with ≥ 24 months of verified 
data available from regulatory submissions, op-
erator data, and project financing announcements 
related to generation, outages, curtailment, and 
SCADA summaries. Weather parameter inputs 
included irradiance, temperature, wind speed, 
and rainfall data from NASA POWER and ERA5 
datasets. Financial and technological parameter 
sources included capital expenditure, operation 
and maintenance, inverter size, cell efficiency, 
degradation rates, and prices from publicly avail-
able sources (Ahmad et al., 2023). Policy param-
eter data related to feed-in tariffs, environmental 
taxes, and subsidies for renewable energy were ex-
tracted from governmental databases (Trifonov & 
Kolev, 2024). All values were normalized to 2024 
PPP USD with outlier checks and interpolation.

Environmental-economic efficiency was defined 
as realized versus theoretical generation ad-
justed for monetized losses identified by MFCA. 
Theoretical output was

*
,it it i STC temp BOSY GHI Aη φ φ=  (1)

where variables follow standard photovoltaic pa-
rameters. Actual generation Y

it
 was verified grid 

output (Salom et al., 2014); loss L
it
 = Y

it
* – Y

it
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&
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with tariff, O&M, and wear-related components. 
Losses were classified into soiling, thermal/mis-
match, inverter downtime, grid curtailment, and 
BOS faults using SCADA logs and meteorological 
data:

( ) ( ), &

*
.

k
loss k tariff k O M wear kit
it it it it i it

it

L
C p L c c f L

Y
= + +  (3)

Dependent and independent variables were stan-
dardized for comparability. Policy variables in-
cluded tariff stability (1 = fixed FIT), subsidy in-
tensity (share of capital subsidized), and tax incen-
tives (effective credit %). Controls comprised plant 
size, technology age, and climate indicators.

The statistical design combined MFCA with effi-
ciency and policy-impact modelling. A Bayesian 
hierarchical model apportioned losses with cred-
ible intervals (Haider & Mishra, 2021). Stochastic 
Frontier Analysis (SFA) benchmarked plant 
efficiency:

*
ln ln ,it it it it itY Y Z v uγ δ= + + −  (4)

where u
it
 captures inefficiency and Z

it
 includes 

inverter age, rainfall deficit, and grid instability 
(Hu et al., 2025). Policy impacts were tested via 
an event-study difference-in-differences model 
with Sun–Abraham correction. Gradient-boosted 
trees detected anomalies, and SHAP values linked 
them to MFCA cost drivers.

Economic evaluation translated inefficiencies into 
investment performance indicators. For each loss 
category k, potential savings were estimated as

( )
( )
( ), ,

,
,

loss k loss kk

it it it post
S C C= −  (5)

where ( )
( ),
,

loss k

it post
C  represents the post-intervention 

cost derived from benchmark improvements. This 
relates to maintenance, technology, or opera-
tional scheduling. A 10,000-draw Monte Carlo 
simulation can be used to factor in uncertainties 
regarding electricity prices, operating and main-
tenance costs, rates of degradation, and discount 
rates. Thus, a probability distribution of LCOE, 
NPV, IRR, and payback can be generated, which 
will enable one to estimate financially the resil-
ience offered by such projects under different en-
vironmental-economic conditions (Abdulrahim 
& Ahmed, 2022).

Results of all analyses were generated in both R 
and Python programming languages, with out-
puts validated for statistical consistency across 
models. Secondary data used in this study are 
publicly available, so this paper did not involve 
human subjects and therefore did not require eth-
ics approval. Analyses performed in this research 
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can be obtained in order to increase transparency 
and reproducibility, and the framework used in 
this study is consistent with the best international 
standards.

3. RESULTS

A comparative analysis highlighted significant 
variations in terms of environmental and eco-
nomic efficiency among solar energy installations 
in India and those in Jordan. The MFA CCA ap-
proach allowed for an estimate of potential pro-
cess-based inefficiencies related to a loss of energy 
converted into costs. Table 1 shows a descriptive 
summary of the variables used in the comparative 
analysis related to operations and environmental 
characteristics.

From Table 1, it can be observed that both nations 
reached a significantly efficient level, although 
India demonstrated greater soiling loss due to dust 
and lack of regular cleaning, and moderate loss 
in Jordan due to intense solar radiation. Material 
Flow Cost Accounting highlighted that avoidable 

total energy loss accounted for about 14% of po-
tential outputs in India and 11% in Jordan. When 
translated into finances, the loss turned out to 
be 4.2 and 3.6% of the total revenue per annum 
for India and Jordan, respectively (Yaseen & Al-
Amarneh, 2025).

The losses were classified and estimated employ-
ing plant-level data. This breakdown is shown in 
Table 2.

Soiling and temperature losses comprise the great-
est proportion of costs being wasted. For CSP tech-
nologies, regular cleaning and soiling-resistant 
coatings were used by some facilities with signifi-
cantly reduced loss rates (Ramadan et al., 2024).

The stochastic frontier analysis in Table 3 cap-
tured the technical efficiency of the solar facili-
ties against their theoretical potential. Average 
efficiency ratios were 0.86 for India and 0.89 for 
Jordan. The efficiency ratio is positively related 
to grid stability, regularity in maintaining the 
facilities, and policy consistency (Al-Muntasir, 
2022).

Table 1. Summary of operational and environmental metrics

Variable Measurement unit Mean (India)
Mean 

(Jordan)
Description

Theoretical generation potential Megawatt-hour 10,245 9,860
Estimated using irradiance, module area, 

and temperature correction factors

Actual energy output Megawatt-hour 8,810 8,770
Net electricity delivered to the grid after 

accounting for downtime and curtailment

Total energy loss Megawatt-hour 1,435 1,090
Difference between theoretical and 

actual generation

Avoidable loss cost Thousand USD 146.8 122.3
Monetary value of foregone generation 

and operational inefficiency

Soiling loss share Percent 8.2 5.6
Portion of total loss attributed to surface 

dust and dirt accumulation

Thermal and mismatch losses Percent 3.4 4.8
Portion of total loss due to high 

temperature and module inconsistencies

Grid curtailment losses Percent 2.9 2.4
Energy curtailed or rejected due to grid 

instability or regulatory constraints

Environmental temperature Degree Celsius 33.7 30.1
Average site temperature during 

operational months
Solar irradiance Kilowatt-hour per m² 5.8 5.6 Average daily global horizontal irradiance

Table 2. Decomposition of avoidable energy losses by operational category

Category of loss Share of total loss (India, %) Share of total loss (Jordan, %) Cost per MWh (USD)

Soiling 42.1 30.3 11.5

Thermal and mismatch 20.2 31.7 8.2

Inverter downtime 15.5 14.9 7.6

Grid curtailment 14.7 11.1 6.9

Balance-of-system faults 7.5 12.0 5.1
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Table 3 shows that the ability of the policy envi-
ronment and the stable performance of the electric 
grid in Jordan contributed positively to efficiency, 
unlike the regional disparities and repair-down-
times in India.

The policy effect estimate evaluated the impact of 
feed-in tariffs and environmental incentives with 
regard to efficiency effects. The difference-in-dif-
ferences estimate showed that fixed feed-in tariffs 
rather than bidding auctions increased efficiency 
by three percentage points. Environmental taxes 
introduced in 2021 in Jordan lowered the average 
loss cost by 6%, suggesting a positive effect of fiscal 
policies targeting efficiency on operational disci-
pline and environmental outcomes.

Table 4 summarizes the economic simulation car-
ried out to assess financial benefits. The cost ben-
efits of increased cleaning activity, anti-soiling 
coatings, and inverter redundancy upgrades were 
simulated in a 10,000-draw Monte Carlo simula-
tion (Alshehadeh et al., 2023; Donnelly et al., 2022).

All the interventions in Table 4 yielded positive 
net present values, showing the financial viabil-
ity of increased efficiency. The outcomes validated 
the effectiveness of combining the viewpoints of 
the environment and economy in forming a prop-

er decision-making strategy for managing solar 
energy.

The robustness tests were carried out to check the 
strength of findings against other datasets and 
specifications (Table 5). Revalidation of theoreti-
cal generation performance using SolarGIS and 
Meteonorm ensured that errors in efficiency mea-
surements were limited to 1.2% of the base values. 
The bootstrapped tests of efficiency difference and 
sensitivity analysis ensured reliable methodology 
performance.

The robustness analysis showed that efficiency 
and financial projections were robust against dif-
ferent sources of data, models, and parameters. 
Deviations were within 5% of the base value, en-
suring a strong level of consistency among meth-
ods. The placebo policy test retained a value close 
to zero, ensuring a lack of correlation. The robust-
ness results support the validity of environmen-
tal-economic efficiency projections and the accu-
racy of the overall framework used in the analy-
sis (Morshed & Khrais, 2025; Shaban & Omoush, 
2025).

Table 6 presents a comparison of environmental 
and economic efficiency results for the construc-
tion of utility-scale solar projects in India and 

Table 3. Estimated efficiency results from stochastic frontier analysis

Country Mean efficiency score Minimum Maximum Standard deviation
India 0.86 0.78 0.93 0.05

Jordan 0.89 0.81 0.95 0.04

Table 4. Expected financial performance of efficiency-improvement investments

Intervention type Reduction in Avoidable Loss 
(%)

NPV per Plant  

(million USD)
IRR

Payback 

(years)

Increased cleaning frequency 22 1.20 13.5 5.2

Anti-soiling coatings 17 1.10 12.1 5.6

Inverter redundancy 9 0.95 11.4 6.1

Enhanced cooling systems 12 1.05 12.8 5.8

Table 5. Summary of robustness check results

Robustness test Baseline metric Variation range Change (%)

Alternative data sources Efficiency = 0.87 0.86–0.88 ± 1.0
DEA (Bootstrapped) vs Frontier Model Efficiency = 0.87 0.85–0.88 ± 1.5
Leave-one-country-out estimation Net present value = 1.35 million USD 1.28–1.40 million USD ± 4.3
Placebo policy test Policy effect = 0.06 – 0.01–0.05 Near zero
Bayesian posterior coverage Coverage = 95 93–97 ± 2
Sensitivity analysis Net present value = 1.35 million USD 1.30–1.38 million USD ± 3.0
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Jordan, comprising 46 projects in the first country 
and 37 in the second, from 2017 to 2023. The re-
sults demonstrate that India has slightly higher en-
ergy losses of 14% and avoidable cost inefficiency 
of USD 146.8 thousand per annum in comparison 
to the respective losses of 11% and costs of USD 
122.3 thousand per annum in the case of Jordan.

Comparing the performance metrics, the average 
efficiency score in India stood at 0.86, while in the 
case of Jordan, it was 0.89. This is in line with the 
fact that the stability of policies and the coher-
ence of institutions facilitate better performance 
(Oreqat, 2021).

Focusing on the impact of policies, the environ-
mental tax in Jordan, implemented in 2021, pre-
vented avoidable losses of approximately 6%. 
Moreover, the presence of stable feed-in tariffs 
added to the favorable financial outcome. At the 

project level, the average values of the financial 
metrics (net present value (NPV), internal rate 
of return (IRR), and payback period) indicate the 
viability of investment regarding efficiency en-
hancement in both country settings.

Table 7 summarizes the hypotheses examined in 
the study, listing each hypothesis with its key em-
pirical findings and outcomes.

The aggregated outcomes have reaffirmed the 
support for each of the hypotheses (Table 7). The 
Material Flow Cost Accounting approach has 
been a useful means for analyzing environmen-
tal-economic efficiency in the solar energy sec-
tor. The performance of the plants in both Jordan 
and India is better because of the stable regulatory 
environment and efficient handling of environ-
mental issues. Indian outcomes are impacted by 
geographical variability and lack of coordinated 

Table 6. Comparative environmental–economic efficiency in India and Jordan (2017–2023)

Indicator
Measurement Unit / 

Description India (n = 46) Jordan (n = 37)

Number of projects analyzed Utility-scale solar facilities (> 5 MW) 
with verified continuous data 46 37

Theoretical generation potential Megawatt-hour (MWh/year) 10,245 9,860

Actual energy output MWh/year 8,810 8,770

Total energy loss MWh/year (% of potential) 1,435 (14.0%) 1,090 (11.1%)
Avoidable energy loss cost Thousand USD/year 146.8 122.3

Revenue loss due to inefficiency % of annual revenue 4.2% 3.6%
Mean technical efficiency (SFA) Efficiency score (0-1) 0.86 0.89

Soiling loss share % of total energy loss 42.1 30.3

Thermal and mismatch losses % of total energy loss 20.2 31.7

Grid curtailment losses % of total energy loss 14.7 11.1

Balance-of-system (BOS) faults % of total energy loss 7.5 12.0

Policy framework Tariff and regulatory scheme Competitive auctions with 
variable FITs

Fixed feed-in tariffs (FITs) under 
centralized regulation

Environmental taxation impact 
(post-2021) Reduction in loss cost (%) – −6.0%

Mean NPV per plant (after 
efficiency upgrades) Million USD 1.20 1.35

Internal Rate of Return (IRR) % 11.4-13.5 12.1-13.5
Payback period Years 5.2-6.1 5.0-5.6

Table 7. Hypotheses testing summary

Hypothesis Core statement Key result Outcome

H1
Energy losses differ between India and Jordan due to 
climatic and regulatory variations 14% losses in India vs 11% in Jordan Supported

H2
Cost inefficiencies are higher in markets with weaker 
policy stability

Avoidable cost: 4.2% of revenue in India vs 3.6% 
in Jordan Supported

H3
Integrating cost and efficiency analysis changes plant 
rankings

Cost-adjusted efficiency: 0.84 (India) vs 0.91 
(Jordan) Supported

H4
Policy-linked cost allocation improves investment 
prioritization

Net present value: 1.35 million USD (Jordan) vs 
1.20 million USD (India) Supported
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control over respective operations, although both 
countries showed substantial scope for improve-
ment in terms of efficient environmental account-
ing, resource flow monitoring, and investment in 
maintaining and synchronizing operations.

4. DISCUSSION

The results indicate that environmental–economic 
efficiency in utility-scale solar photovoltaic (PV) is 
shaped by the interaction of technical loss mecha-
nisms and the institutional setting. Across 83 proj-
ects (46 in India; 37 in Jordan), total energy losses are 
higher in India (14.0% of theoretical potential) than 
in Jordan (11.1%). India also exhibits higher avoid-
able loss costs (USD 146.8k/year versus USD 122.3k/
year) and a larger revenue-loss share (4.2% versus 
3.6%), consistent with the view that governance sta-
bility can strengthen operational discipline and cost 
recovery (Aoun et al., 2024; Sethi et al., 2024).

The comparative evidence further shows that sim-
ilar headline inefficiency can arise from differ-
ent loss profiles. In India, losses are dominated 
by soiling (42.1% of total loss) and include higher 
curtailment exposure (14.7%), pointing to clean-
ing strategy, monitoring, and grid coordination 
as primary levers. In Jordan, thermal/mismatch 
losses account for a larger share (31.7%), and bal-
ance-of-system faults are more prominent (12.0%), 
highlighting heat management, component reli-
ability, and preventive maintenance. This distinc-
tion matters because it links country context to ac-

tionable priorities rather than treating inefficiency 
as a single undifferentiated outcome.

Material Flow Cost Accounting (MFCA) adds value 
by translating physical losses into decision-relevant 
cost signals (Usul & Olgun, 2025). Integrating MFCA 
with frontier-based efficiency analysis also chang-
es interpretation: mean technical efficiency is only 
slightly higher in Jordan (0.89) than in India (0.86), 
yet the cost-adjusted comparison widens (0.91 versus 
0.84). In practical terms, this means that units that 
look acceptable on output-based indicators can still 
impose significant avoidable waste costs. The com-
bined MFCA–frontier approach therefore improves 
benchmarking by making the financial consequenc-
es of environmental degradation explicit (Dekamin 
et al., 2025; Liu & Domenech, 2025).

Finally, the institutional reading aligns with how 
tariff design and enforcement capacity shape in-
centives. In Jordan, a fixed feed-in tariff framework 
and the post-2021 environmental tax coincide with 
an estimated ~ 6% reduction in avoidable loss costs, 
whereas India’s auction-based tariff environment 
and variable pricing conditions are associated with 
less predictable incentives for environmental cost 
management (Behera et al., 2024; Cheng et al., 2024). 
Centralized governance can also facilitate monitor-
ing and data verification, while decentralized imple-
mentation can create coordination frictions. Overall, 
the findings support treating operational loss mitiga-
tion and policy design jointly when evaluating solar 
PV sustainability performance.

CONCLUSION

The purpose was to analyze the impact of the combination of governance, fiscal policies, and institu-
tional capabilities on the environmental and economic efficiency of large-scale solar energy projects. 
The comparative evidence on India and Jordan verified that the efficiency difference is less related to the 
technological gap and much related to the level of policy consistency shaping energy operations.

The framework established that the combination of Material Flow Cost Accounting with financial and 
stochastic tools is an objective method of exposing non-apparent wastes and translating costs into a fi-
nancial form. This makes the exercise of sustainable assessment a quantitative decision tool instead of a 
qualitative, descriptive tool, and thereby upholds environmental accounting’s importance primarily as 
a policymaking tool rather than a compliance document.

The findings inform the importance of fiscal incentives, data transparency, and learning institution-
ally within a renewable energy investment framework with regard to socio-economic performance out-
comes. This study can be followed up by other renewable industry sectors and longitudinal and behav-
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ioral methods of analysis in an attempt to understand dynamic policy influences and changing envi-
ronmental accounting practices. This would aid in enhancing the predictive powers of MFCA toward 
sustainable energy policymaking and management in various international settings.
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