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The study investigates deployment and distributional challenges of renewable energy sources (RES) in
multi-apartment residential buildings in the Republic of Armenia. Drawing on longitudinal data from 87
buildings across Yerevan, Gyumri, and Vanadzor (2015-2024), the study quantifies the gap between actual
and potential RES adoption, measures distributional inequality using the Gini coefficient, identifies key
adoption barriers through a mixed-methods survey instrument, and models predictors of distribution efficiency
through Ordinary Least Squares (OLS) regression and K-Means cluster analysis. Results show that the actual
RES adoption rate stands at 34,2% + 6,8% against a technical potential of 78...85 %. The Gini coefficient
(G = 0,47, SD = 0,12) reveals substantial distributional inequality. The regression model (Rz2 = 0,61,
F(6,80) = 20,9, p < 0,001) identifies automated control systems (f = +0,312, p < 0,001), resident awareness
(f = +0,224, p < 0,01), and household count (f = —0,178, p < 0,01) as the dominant factors. Policy
implications and a 2025-2027 Smart Building pilot are discussed.

Keywords: renewable energy, multi-apartment building, Gini coefficient, energy distribution, OLS
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Introduction

The global urgency of decarbonising the built environment has placed residential energy systems at the
centre of climate policy. In Armenia, the “Green Growth 2030 strategy mandates a 35 % renewable share in
the national energy mix by 2030 and 80 % by 2050 [1]. Despite photovoltaic (PV) module costs falling by
more than 90 % between 2010 and 2024 [2], multi-apartment buildings remain the least-penetrated housing
segment for RES.

The structural barriers are well-documented in international literature [3-5]: fragmented co-ownership,
collective-action failures, metering complexity, and low tenant awareness. In the Armenian context, these
barriers are compounded by an ageing housing stock (over 60 % of Yerevan’s apartment buildings pre-date
1990), weak homeowners’ association (HOA) governance, and limited access to green finance [6].

Yet empirical evidence on the magnitude and drivers of distributional inequality within these buildings
is scarce, particularly in post-Soviet transition economies [7]. This study addresses that gap by combining
administrative energy records, resident surveys, and statistical modelling to produce actionable estimates. The
research questions are:

e what is the actual versus potential RES adoption rate, and how has it evolved since 2015?

e how unequally is RES-generated electricity distributed across households within a building?

e which building-level and socio-economic factors best predict distributional efficiency?
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Materials and Methods

Study Sample and Data Sources .The sample comprises 87 multi-apartment buildings drawn from
three cities: Yerevan (n = 52,0; 59,8 %), Gyumri (n = 21,0; 24,1 %), and Vanadzor (n = 14,0; 16,1 %).
Buildings were selected via stratified random sampling from the national housing-stock registry, stratified by
city, decade of construction (pre-1990 / 1990-2005 / post-2005), and number of storeys. Inclusion criteria
required: a minimum of 12 residential units; registration in the State Housing and Communal Services
database; presence of at least one PV array or independent generation unit; and complete metered consumption
records for the full study period [8].

Three primary data sources were used: (1) metered electricity generation and consumption records
obtained from the distribution system operator ELECTRIC NETWORKS OF ARMENIA (2015-2024) [9];
(2) building technical passports from the Ministry of Territorial Administration; and (3) a structured
guestionnaire administered to 563 residents across the 87 buildings (response rate: 87 %), using a five-point
Likert scale to measure awareness, willingness to pay, and perceived fairness (table 1).

Key Variables and Measures

Table 1
Key barriers to RES distribution: building-level and resident-level perspectives
Barrier Buildings Residents Significance
citing (%) agreeing (%) 9
Automated control system unavailable 78,2 67,4
Lack of HOA consensus 54,0 71,2
Inequitable electricity metering 89,7 55,8 p < 0,001
Technical obsolescence of infrastructure 66,7 48,3
Financial access constraints 41,4 83,1

Distributional inequality was operationalised via the Gini coefficient (G), computed from household-
level annual RES-energy receipts normalised by floor area [10]. G = 0 denotes perfectly equal distribution;
G =1 indicates complete concentration. Awareness was measured as the mean Likert score (1...5) across four
knowledge items concerning RES technology, tariff structure, HOA rights, and subsidy eligibility.

Analytical Framework

Three complementary analytical methods were applied. First, descriptive statistics and a Lorenz-curve
decomposition provided a baseline portrait of adoption and inequality across the sample. Second, K-Means
cluster analysis (k = 3, determined via the elbow criterion and silhouette scores) grouped buildings into
homogeneous typologies [11]. Third, OLS regression modelled G as a function of six independent variables:
automated control system presence (D:, binary); building construction year (Xz, continuous); pre-2000
construction dummy (Ds); share of economically active residents (X«); resident awareness score (Xs); and
receipt of state or bank subsidy (Xs, binary). Heteroscedasticity was corrected using HC3 robust standard errors
(table 2).
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Table 2
OLS Regression Results — Dependent Variable: Gini Coefficient (G)
Variable B Std. Err. t-stat p-value 95 % ClI
Automated control system (D) +0,312 0,048 6,50 < 0,001 [0,217; 0,407]
Resident awareness (Xs) +0,224 0,061 3,67 0,004 [0,103; 0,345]
Economically active residents (X«) +0,143 0,057 2,51 0,014 [0,030; 0,256]
Pre-2000 construction dummy (Ds) +0,181 0,064 2,83 0,006 [0,054; 0,308]
Building construction year (X2) -0,112 0,043 -2,60 0,011 [-0,197; —0,027]
Number of households (Xs) -0,178 0,052 -3,42 0,001 [-0,281;-0,075]
Constant 0,214 0,071 3,01 0,003 [0,073; 0,355]

Model fit: R2 = 0,61; Adjusted R? = 0,58; F(6,80) = 20,9; p < 0,001, n = 87

Results and Discussion

RES Adoption Rates and Temporal Trends

Figure 1 presents actual RES adoption rates against the modelled technical potential for each city. Across
all 87 buildings, the sample-average adoption rate in 2024 was 34,2 % + 6,8 % (95 % CI: 31,4...37,0 %),
representing less than half the technical potential of 78...85 % [12]. Yerevan recorded the highest rate
(35,8 %), reflecting greater investment capacity and better HOA governance structures, while Gyumri lagged
slightly at 31,4 % (fig.1).

B Actual adoption (%)

80.2% mmm Technical potential (%)
80 - ° 76.5% 78.8°

Yerevan Gyumri Vanadzor Average
(n=52) (n=21) (n=14) (n=87)

Fig. 1. Actual RES Adoption Rate vs. Technical Potential by City (2015-2024)

Fig. 2 traces the evolution of adoption over the study period. All three cities exhibited a near-linear upward
trajectory from approximately 12 % in 2015, with annual incremental gains averaging 2,4 percentage points. The
growth rate did not accelerate following the 2020 introduction of net-metering legislation, suggesting that
regulatory reform alone is insufficient without accompanying technical and financial support [13].
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Fig. 2. RES Adoption Trend by City, 2015-2024

Distributional Inequality: Lorenz Analysis

Fig. 3 depicts the Lorenz curve for the pooled 2024 sample. The observed Gini coefficient (G = 0,47,
SD = 0,12) is substantially above the comparator benchmark of G = 0,30...0,35 considered consistent with
equitable collective energy management in the literature. The curve shows that the bottom 40 % of households
received only 18 % of total RES-generated electricity, while the top 20 % captured 48 %. This skew is
attributable primarily to unequal apartment-floor-area allocations, differential HOA participation, and
heterogeneous appliance loads [14].
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Fig. 3. Lorenz Curve of RES Energy Distribution (G = 0,47; SD = 0,12), pooled 2024 data

Cluster Typologies

K-Means analysis (k = 3) yielded three statistically distinct building typologies, visualised in Fig. 3:

o Cluster A— High-efficiency (G < 0,30; n = 19, mean adoption: 68,4 %): These buildings combine
technical readiness (automated PV management, recent renovation) with strong social governance
(active HOA, high awareness scores). They tend to be post-2000 constructions in Yerevan with
24...48 units.

e Cluster B— Intermediate (G = 0,30...0,50; n = 43; mean adoption: 38,7 %).The modal cluster. Key

bottlenecks are insufficient resident awareness and the absence of transparent benefit-sharing
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mechanisms. These buildings have the highest policy leverage, as targeted interventions could shift

a substantial share into Cluster A (table 3).

e Cluster C — High-inequality (G > 0,50; n = 25; mean adoption: 19,2 %): Critical barriers include

financial inaccessibility and unresolved legal disputes over co-ownership of rooftop space and shared

infrastructure costs. Most are pre-1990 panel-construction (khrushchyovka / brezhnevka) buildings

in Gyumri and Vanadzor (fig. 4).
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Fig. 4. K-Means Cluster Distribution (k = 3) by Gini Coefficient and RES Adoption Rate

Table 3

Cluster Profiles — Mean Values of Key Variables
Variable Cluster A Cluster B Cluster C

(n=19) (n=43) (n=25)
Mean Gini coefficient (G) 0,22 0,4 0,62
Mean RES adoption (%) 68,40 38,7 19,20
Automated control system (%) 94,70 55,8 12,0
Active HOA (%) 89,50 58,1 24,0
Mean awareness score (1-5) 4,10 3,0 1,90
Pre-2000 construction (%) 10,50 51,2 84,0
Received subsidy (%) 78,90 44,2 16,0

Regression Analysis

The OLS regression results (Table 2) explain 61% of variance in the Gini coefficient. Fig. 4 visualises

the standardised coefficients. Three findings stand out:
Automated control systems (f = +0,312; p < 0,001) exert the strongest effect. Buildings equipped with
automated distribution management show G values averaging 0,15 points lower than comparable unequipped
buildings, after controlling for all other covariates. This is consistent with engineering-economics literature
showing that real-time load balancing eliminates the manual-override behaviours that drive inequality [15].

Resident awareness ( = +0,224; p < 0,01) operates through a social-norm mechanism: higher awareness

scores predict not only greater individual RES utilisation but also cooperative compliance with HOA-agreed

distribution rules, reducing free-riding.

113



ISSN 1829-4200 SCIENTIFIC PAPERS OF NUACA 2026. VOLUME 2 (95)

Building size (B = —0,178; p < 0,01) has a counter-intuitive negative sign. Larger buildings
benefit from economies of scale in PV system management and governance, producing more equal
per-household distribution despite the greater organizational complexity (fig. 4).
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Fig. 4. Standardised OLS Coefficients for Predictors of the Gini Coefficient
(B with 95% confidence intervals; *** p<0,001; ** p<0,01; * p<0,05)

Discussion

The 43...50 percentage-point gap between actual adoption (34,2 %) and technical potential (78...85 %)
is not primarily a technology or cost problem — it is a governance and institutional problem. The Cluster A
buildings demonstrate that near-70% adoption is achievable today with existing PV technology, provided that
automated management and active HOA structures are in place [16]. The policy implication is clear: scaling
Cluster A characteristics to Cluster B and C buildings should be the priority.

The high Gini value (G = 0,47) raises an equity concern that goes beyond efficiency: if RES benefits
are disproportionately captured by wealthier or better-organised households within a building, the “green
transition” risks deepening existing socio-economic divides rather than alleviating them. This distributional
dimension has received insufficient attention in Armenian energy policy to date [17].

The finding that awareness mediates distribution efficiency suggests that social and educational
interventions can complement technical ones at a fraction of the cost. A structured HOA capacity-building
programme, estimated at USD 800...1200 per building, could shift a Cluster B building meaningfully towards
Cluster A within one to two years — a highly cost-effective return relative to the capital expenditure of PV
installations [18].

Limitations of the study include the cross-sectional nature of the regression analysis (which precludes
strong causal inference), the reliance on self-reported awareness scores, and the exclusion of single-family
suburban buildings from the sample. Future research should incorporate panel data designs and extend the
analysis to rural multi-unit housing.
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Conclusion
This study yields five principal conclusions with direct policy relevance:

1.

The actual RES adoption rate of 34,2 % is less than half the technical-economic potential of
78...85%. The adoption gap is systematic and persistent across cities, construction eras, and building
sizes, indicating structural rather than incidental barriers.

A Gini coefficient of 0,47 confirms high distributional inequality. Equity considerations must be
embedded in RES deployment policy for the multi-apartment sector, not treated as a secondary
concern.

Automated control systems are the single most powerful lever for improving both adoption rates and
distributional equity. Priority public support for automated PV management installation is warranted,
particularly for Cluster C buildings.

Resident awareness is a tractable, low-cost intermediate target. HOA capacity-building and
community energy literacy programmes should be integrated into national RES deployment
frameworks.

The 2025-2027 Smart Building pilot programme (n = 12 buildings, targets: adoption > 45 %,
G <0,18) provides a scalable proof-of-concept. Rigorous mid-term evaluation is recommended

to generate evidence for national rollout.
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FUQUUALUYTUNTUL CELLEMNPU 46 UTULE LY NN, ELGrehUSP RUTCU UL
ZhULUNNUPULET ZUSUUSULE SYSULLENY, (2015-2024)

Utipgly Upninh Uhttwuywt, Uwphwd Updkup Unwpkjjut’, Usnun Ginpgh funmnuuwpyut
Swpunupuy bnnyeyuwl b phliupupnipul Zuyuunwih wgquyhl hwduyuwpul, p. Eplual, 22

‘mariamaraqelyan@nuaca.am

Mumdbiwupply Bb JEpulubqin/ng Fakpghuyh winpinipabph (YEU) nknwluydwl b puphu-
dwl hhdtwpulnppbbpp Zuymunubh Zubpuybunippul puquuphulupul pEipbpnid: Zhdingk-
0y Epluuli, Ynidph b Guinudnp punuplbph 87 sklipkph (2015-2024 pp.) nijjuybph ypuw niunid-
luuppmpiniap pubwluwbu qwhuwwnnid F YEU ppulmb b yninkighuy bbpppdwb dholl Enwud
pugp, suhnid F puspufwl whbhunjwuwpnipiniip oguifkiny Qhiihh gnpéwlighg, puguhugumnid
bkpppdwl hpdtwwl pinsplnnunikpp pnunp dkpnnbbpny hupguwi gnpdhph Uhongny b unnlju-
ynpnud F pappnfwl wpnyn unknnippul Gubunnkupsbbpp  oguumgnpdlym] thnppugniyl punu-
gniuuyhli (OLS) nkgpkupnl b Kae fudpuyghll JEpinidnipyul gnpSwulhghbpp: Upgnibpbbpp gnyg ki
wuyhu, np EU ppulpul bpppifwh duluppulp jugqunod F34.2 + 6,8 % ' 78...85 % wkjubhlwlwb
wynnkbghuyh nhuwg: Lhaph gnpbulhgn (G = 0,47, SD = 0,12) puguhuyunnid F puphnlul buljurh
whhwijwuwpnipniip: (Megpkupnl Unplyp (R? = 0,61, F(6,8)=20,9, p<0,001) npujku qkphopunn gnp-
onbbkp nyhwlwbuginid Fuynndun junwgupdub hudwlupglbpn (B =+ 0,312, p < 0,001), pluu-
Gpstubph ppuqbljwdnipinian (B= +0,224, p < 0,01) b wnbuyhl ninnbunipinibibph phypn B = -0,178,
p<0,01): Rhlnuplinid ki punupujwimieyul hnlbwaplbpp b 2025-2027 . «[vkjuigh pkip» thnpd-
lnuljuli Spghpp:

Puwbuyh punkp. JEpuuwiqin/ng Fakpghw, puquuphulupub pkip, Shiph gnpéwlhg, Fakp-
ghuyh puofunid, OLS nhgpkupw, ubjugh pkip, Zuyuumui
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MPOBJIEMbI PACIPEJIEJIEHUSI BO3OBHOBJISIEMOM SHEPTUM B MHOI' OKBAPTHUPHBIX
3JAHUSAX HA OCHOBE JIAHHBIX U3 APMEHUU (2015-2024)

Cepreii Amorouy Munacsin, Mapuam ApmenoBHa Apakeusin’, Aot I'eoprosuy Barnacapsin
Hayuonanvnvui ynusepcumem apxumexmypsl u cmpoumenvcmea Apmenuu, 2. Epeean, PA

“mariamaragelyan@nuaca.am

Uccreoyromes npobaemvl 6nedpenust u pacnpedenerus 0300H08IAeMbIX UCOYHUKOS dHepeuu (BUD) 6
MHO2OK8APMUPHBIX dHcunvlx oomax Pecnyonuku Apmenus. Ha ocnose doneocpounvix dannvix no 87 30anusim
6 2. Epesane, I'ompu u Banaoszope (2015-2024 ee.) 6 uccredoganuu KOIUYECMBEHHO OYEHUBAEHICS PA3PbIE
MedHcOy (hakmuueckum u nOmeHyuaibHblM enedpenuem BHUD, uzmepsemcs Hepasencmeo 6 pacnpeoeiienuu ¢
nomouybio Koappuyuenma Jxcunu, onpedensiomcst Kouesble 6apbepvl 6HeOPeHUsL C NOMOWbIO CMEUAHHO2O0
Memooda onpoca u MOOeaupyomces npeouxmopsl 3pgekmusnocmu pacnpedenenus ¢ NOMOWbI Memooom
peepeccuu HaumeHvuux keaopamos (MHK) u xracmepnoeo ananuza memooom K-cpeonux. Pesyrvmamoi
noKazvlearom, 4mo gaxkmuueckuli yposerv eneopenus BUD cocmaensem 34,2% + 6,8% npu mexuuueckom
nomenyuane 78...85 %. Kosghgpuyuenm /icunu (G = 0,47, SD = 0,12) yxazvieaem Ha cyujeCmeeHHoe Hepa-
seHcmeo 6 pacnpedenenuu. Peepeccuonnas moodenv (R? = 0,61, F(6,80) = 20,9, p < 0,001) onpedensem
agmomamuszupogantsle cucmemsl ynpasnenus (f = +0,312, p < 0,001), oceedomreHHoCmb HCUTLYOB
(f = 10,224, p < 0,01) u koruyecmao domoxosaticms (f = —0,178, p < 0,01) xax domunupyrowue ghaxmopoi.
Obcyacoaromes norumuyecKkue nocile0Cmeus U NUIOMHbIN NPOeKm «YMHo20 30anuay Ha 2025—2027 2o0wi.

Knwouesvie cnosa: 60300H0815eMas1 SHEP2Usl, MHOZOK8APMUPHDBIL 00M, KOIhPuyuenm /icunu, pacnpe-

oenenue IHepeuu, peecpeccust MemoOOM HAUMEHLULUX Keadpamoe, UHmMeN1eKmyaibHoe BOCZHM& ApMesz
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