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Abstract: This article examines the interconnections between the rapid expansion of
renewable energy plants and day-ahead wholesale electricity prices on the Bulgarian
Independent Energy Exchange, and draws out the consequences for the financial viability of
new renewable projects. Using 1,096 daily observations for 13 July 2023 to 12 July 2026, six
price specifications are estimated by ordinary least squares with Newey—West standard
errors. A dynamic specification that includes the lagged price is clearly preferred (adjusted
R2 = 0.553; AIC = 10,207), and price persistence dominates the daily dynamics. The
estimated time path is downward, consistent with the merit-order effect, although strong
collinearity between cumulative new energy capacity and time prevents a clean estimate of
the isolated energy capacity effect, and the decline coincides with the post-2022 easing of gas
prices. Because falling wholesale and capture prices erode merchant revenue, static
appraisals that assume an unchanged average price overstate project value. A secondary,
cluster analysis of 100 photovoltaic enterprises identifies three project types that differ mainly
in scale and appraisal metrics, which supports differentiated rather than uniform public
support. The article proposes a compact policy roadmap combining revenue stabilisation,
flexibility incentives, cluster-specific finance and improved energy-market transparency.

JEL: C22, G31, 041, 042, 048

1. INTRODUCTION

The expansion of low-marginal-cost renewable generation changes the energy-market
in two directions. For consumers, additional solar and wind capacity tends to lower the
wholesale clearing price through the merit-order effect, as cheaper units displace more
expensive plants at the margin [1]. For investors, the same mechanism weakens the revenue
that finances new solar-power plants, because the technologies that grow fastest depress the
hours in which they produce and see their market value fall faster than the average price [2].
This capture-price erosion, or cannibalisation, is well documented for markets with high solar
and wind shares [3].

The distinction between energy-prices diverse matters for green energy policy. A
lower wholesale price benefits consumers, but merchant projects that sell into the day-ahead
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energy market face lower and more volatile revenue, which raises their cost of capital and can
undermine bankability [4]. Regulated retail tariffs, which include network and levy
components, need not move with the wholesale energy price and are not analysed here. The
relevant question is therefore not whether renewables lower some energy-exchange price, but
how wholesale price dynamics behave and what they imply for the appraisal and support of
new green energy projects.

Bulgaria offers a sharp case: cumulative renewable capacity roughly doubled in the
last three years while the day-ahead price on the Bulgarian Independent Energy Exchange
(IBEX) moved through a post-crisis correction, yet the capacity—price relationship at daily
frequency has attracted little study, and even less that connects it to project finance.
Therefore, the article asks how the expansion of renewable energy plant capacity and the
persistence of day-ahead prices are associated on IBEX, and what the dynamics imply for the
design and public support of new green energy projects. Three subsidiary questions follow:
which specification best describes daily IBEX price dynamics; how wholesale and capture-
price erosion should enter appraisal; and whether project heterogeneity justifies differentiated
instruments.

2. DATA AND METHOD

The analysis uses a daily panel for 13 July 2023 to 12 July 2026, comprising 1,096
calendar days. The dependent variable is the daily mean day-ahead price on IBEX in
EUR/MWh, computed as the average of the intraday clearing intervals. The price series is
taken from the ENTSO-E Transparency Platform and reconciled with the values published by
the exchange [5], [6]. It is an observed series.

Cumulative renewable capacity, the main explanatory variable, is expressed in
gigawatts and rises from about 5.45 GW to about 9.76 GW over the observed period. National
energy production capacity is reported annually, so the daily series is obtained by linear
interpolation between year-end reference points (solar rising from 2,927 MW at end-2023 to
about 6,680 MW in mid-2026, plus roughly constant wind, hydro and biomass plant
inclusion). This interpolated series is not an observed daily measurement, and that is flagged
wherever it is used. A monetary proxy — capacity multiplied by an indicative EUR
625,000/MW benchmark drawn from Bulgarian solar-plant data — enters one specification;
because value is proportional to capacity, the two are never used together. Context figures are
consistent with Eurostat statistics [7].

Six specifications, all sharing a twice-differentiable time function in the level and
square of time, were estimated by ordinary least squares and are summarised in Table 1.
Because daily price series are autocorrelated and heteroskedastic, inference relies on Newey—
West heteroscedasticity- and autocorrelation-consistent standard errors with 30 lags, which
correct the t- and F-tests without altering the point estimates. Models are compared on the
adjusted R2, the F-statistic and its p-value, and the Akaike and Schwarz information criteria.
The preferred dynamic specification is

(1) P t=Ppo+pP (t—1)+Br-CAP t + Pt + fst’ + & t

where P t is the daily price in EUR/MWh, P (t—1) the previous day's price, CAP t
cumulative renewable capacity in GW, t time in years from 13 July 2023, and ¢ t the error
term. The pair (t, t*) is the twice-differentiable time function, whose first derivative measures
the direction of the trend and whose second derivative measures its acceleration.

A methodological caution applies throughout: cumulative energy capacity and time
rise almost in parallel, so the partial coefficient on capacity cannot be read as an isolated
causal effect and must be interpreted jointly with the time term.
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3. EMPIRICAL RESULTS: IBEX PRICE DYNAMICS
Over the period the day-ahead energy price shows the pattern typical of a market
emerging from an energy-price shock: elevated and volatile levels in late 2023, a spike around
the winter of 2024-2025 and a gradual settling towards lower averages by 2026, against a
steadily rising capacity path (Figure 1).
Table 1. Comparison of the six IBEX day-ahead price models

Model Adj. R2 F p(¥) AIC BIC Decision

M4 Dynamic 0.553 231.2 1.0e-143 10,207 10,232 Selected
M6 Interaction 0.140 3.76 0.002 10,935 10,965 Rejected
M5 Dummies 0.138 331 0.003 10,938 10,973 Rejected
M2 New capacity 0.127 3.51 0.004 10,952 10,982 Rejected
M1 Structural 0.125 4.29 0.002 10,953 10,978 Rejected
M3 Value 0.102 3.44 0.008 10,981 11,006 Rejected

Source: author's estimation (OLS, Newey—West HAC, 30 lags). Adj. R2 is the adjusted coefficient of
determination.

The dynamic model M4 dominates on every criterion: it explains about 55% of the
daily variation against 10-14% for the static forms, and its AIC is more than 700 points
lower. The reason is energy price persistence — the lagged price enters at 0.71 (t = 29.8), so
roughly seventy per cent of yesterday's level carries into today, the series is stationary, and a
shock's half-life is about two days.

The estimated equation is P_t =—437.5 + 0.7096-P_(t—1) + 86.45-CAP_t — 128.32-t +
1.050-t2, with n = 1,095 (one day lost to the lag) and adjusted R2 = 0.553.

The time term is negative and strongly significant (—128.3 EUR/MWh per year; t =
—3.0), indicating a clear downward tendency over the period, while the quadratic term is not
significant (p = 0.47), so there is no firm evidence of acceleration or deceleration. The
coefficient on cumulative capacity is positive (86.45) and individually significant, which at
first sight seems to contradict the merit-order effect. It does not. Variance-inflation factors of
about 1,510 for capacity and 1,758 for time confirm severe collinearity: capacity and time
move together, so the model cannot cleanly separate their individual contributions, and the
two coefficients should be read jointly as describing the overall downward path rather than
opposing forces. The lagged price, by contrast, has a variance-inflation factor of 1.1 and
carries independent information. Diagnostics support the specification: the Durbin—Watson
statistic is 1.92, residual autocorrelation and heteroskedasticity are handled by the robust
standard errors, and the Ramsey RESET test (p = 0.75) finds no functional-form

misspecification.
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Fig. 1. Daily IBEX day-ahead price (observed) and cumulative renewable capacity (interpolated),
13 July 2023 — 12 July 2026.
Source: author's construction from IBEX/ENTSO-E price data and interpolated national capacity data.
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Two qualifications discipline the interpretation. First, the decline coincides with the
post-2022 easing of natural-gas prices, so the result is an estimated association compatible
with the merit-order mechanism, not a causal identification [8]. Second, the analysis concerns
wholesale day-ahead prices, not regulated retail tariffs; the implication is that a lower, mean-
reverting wholesale price, combined with the concentration of solar output, compresses the
revenue new merchant projects can capture.

4. IMPLICATIONS FOR RENEWABLE ENERGY-PROJECT FINANCE

The price findings bear directly on appraisal. A renewable energy project valued on an
unchanged average price is overvalued if further capacity additions push the average down
and, more sharply, if the technology-specific capture expected level of energy price falls
below the average as solar concentration deepens; two projects with the same levelised cost
can therefore have very different market values. Capture-price erosion lowers expected
revenue and thus the net present value, internal rate of return and debt-service coverage ratio,
which reduces the debt a project can raise and raises its cost of capital [9], [10].

These mechanisms explain why new projects revenue design, rather than technology
cost, increasingly determines viability. Instruments that stabilise revenue — power purchase
agreements, two-sided contracts for difference, co-located storage and diversified offtake —
shift risk away from the merchant position and lower the cost of capital, and their value rises
as capture prices become more uncertain [11]. In the Bulgarian context, where access to such
instruments is uneven and the sector is young, appraisal should use scenarios in which
revenue responds to further capacity additions rather than a single fixed price [12], [13].

Project heterogeneity sharpens the point. A cluster analysis of 100 Bulgarian new solar
plants — using standardised scale, appraisal and accounting indicators, with the three-cluster
solution from k-means cross-checked by Ward's method and principal component analysis —
identifies three types differing mainly in scale and project efficiency (Table 2). Kruskal—
Wallis tests find significant differences for energy capacity, investment, net present value,
internal rate of return, levelised cost and payback, but not at the five-per-cent level for return
on assets, liquidity, gearing or return-on-sales growth. Older green energy projects
concentrate in the third cluster and newer solar plant projects in the first two. Cluster
membership is descriptive, not causal, and conditional on the sample, variables and
procedure.

Table 2. Renewable-project cluster profiles and differentiated policy response

Cluster n MW IRR LCOE Payback (yr) Interpretation Policy need
1 30 14.6 10.6% 62.9 16.3 Large efficient Market finance;
parks PPAs/C{D
2 37 0.25 10.1% 65.4 18.3 Small distributed | Aggregation;
guarantees
3 33 54 6.0% 89.0 29.5 Legacy/high-cost | Repowering;
refinancing

Source: author's processing of firm-level data (k-means, k = 3, cross-checked by Ward's method and PCA).

The financial reading of the clusters follows the price analysis. The large parks in the

first cluster are merchant-exposed and most sensitive to capture-price erosion, so revenue-
stabilisation instruments matter most for them. The small self-consumption installations in the
second cluster are comparatively insulated, because they displace retail purchases rather than
sell wholesale. The third cluster, dominated by older high-cost assets, is close to the margin of
viability and calls for targeted modernisation rather than indiscriminate support.
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5. POLICY RECOMMENDATIONS

The central tension for the state is that additional capacity lowers wholesale prices and
decarbonises supply, while the same reduction weakens the revenue used to finance later
projects [15]. A uniform subsidy addresses neither side well. The evidence points instead to a
compact, differentiated roadmap built on five elements, each tied to an empirical result
(Figure 2).

First, revenue stabilisation: competitive two-sided contracts for difference and
standardised long-term power purchase agreements, with transparent indexation and
balancing-risk allocation, address the merchant exposure identified above. Second, flexibility
and capture-price protection: incentives for co-located storage, hybrid projects and demand
response mitigate the output concentration that drives cannibalisation, while grid-location
signals and curtailment transparency improve siting. Third, cluster-differentiated finance:
market finance for the large efficient parks; aggregation, simplified guarantees and standard
contracts for small distributed projects; and repowering, refinancing and conditional
restructuring rather than open-ended subsidy for older high-cost assets. Fourth, data and
monitoring: regular publication of technology-specific capture prices, curtailment and
balancing costs, and coordinated open data across the Ministry of Energy, the regulator, the
transmission operator and IBEX [16]. Fifth, targeted risk-sharing: guarantees or blended
finance for demonstrable market failures, conditioned on measurable performance rather than
installed megawatts.
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Fig. 2. Positioning the Roadmap instruments in the new energy projects’ risk-return axes
Source: author's construction

For each measure the responsible institution, target cluster, horizon and a monitoring
indicator should be fixed in advance. A market-design lesson underpins the sequence: support
should move projects towards bankability by addressing risk and revenue together, and retreat
as the market matures rather than persist as a transfer [14]. The state cannot guarantee low
consumer prices and high merchant revenue at once without an explicit, costed risk-transfer
mechanism.

II-51



6. CONCLUSION

The central question was how renewable energy-capacity expansion and day-ahead
energy price persistence are associated on the Bulgarian Independent Energy Exchange, and
what the dynamics imply for new green energy projects. The estimates give a clear answer at
the level of description. A dynamic specification is strongly preferred: daily prices are
dominated by persistence, with about seventy per cent of yesterday's level carried into today,
and shocks fade within about two days. Over the period the price path is downward, which is
consistent with the entry of low-marginal-cost capacity but cannot be separated cleanly from
the easing of gas prices, and the severe collinearity between capacity and time means the
isolated capacity effect is not identified. The finding that matters for investment is not a single
elasticity but the direction and persistence of the price path, together with the compression of
capture prices that it implies.

For new green project finance the consequence is that appraisals resting on an
unchanged average energy price overstate value, and that revenue design — contracts, storage
and diversified offtake — rather than technology cost increasingly decides viability. The
secondary cluster evidence shows that projects differ mainly in scale and appraisal metrics,
which justifies differentiated rather than uniform support. The main limitations are the
interpolated capacity series, the unresolved separation of capacity and gas-price effects, and
the descriptive nature of the clusters. Within these limits the conclusion is restrained but firm:
Bulgaria should stabilise revenue for merchant-exposed projects, tailor finance to project type,
and invest in the market transparency that makes forward-looking appraisal possible, rather
than uniform installed-capacity subsidies.
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BBH3OBHOBAEM KAITAHMTET, IMHAMUKA HA HEHUTE HA IBEX
N AKU3HECHHOCOBHOCT HA ITPOEKTUTE B BbJIT'APUA
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YHnueepcumem 3a HauuoHaiHo u c6emosHoO CHORAHCHEO
Cmyoenmcku 2pao, 1700 Cogpus
BBIITAPUA

Knwuoeu oymu: yena , 0en nanpeo“; IBEX; egexm wna pedoa Ha 3aséxume;
uneecmuyuu 8v68 BEU,; peanusupana yena; kivcmepen anaius, bvreapus

Pezwome: Cmamuama u3ciedga e6pvskama medcdy ObP30mMoO Hapacmeane Ha
8b300H08sEMUME eHep2ULIHU MOWHOCMU U bopcosama yena Ha el.enepauima ,,0en Hanpeo
Ha IBEX u nocneouyume i 3a gpunancosama sxcusnecnocoonocm na nosume BEU npoexmu.
Bwvpxy 1096 onesnu nabarooenusn 3a nepuooa 13.07.2023—12.07.2026 2. ca oyenenu wiecm
yenosu mooena ypez HMK c pooycmuu epewxu na Newey—West. Hati-006vp e OuHamMuuHusm
mooen ¢ nazosa yena (kopueupan R2 = 0,553, AIC = 10 207), kamo unepyusima Ha yenume
oomuHupa onesHama ounamura. Qyenenama epemesa meHOCHYUs e HU3X00AUd, 8 Cblacue ¢
epexma Ha peda Ha 3as6KUmMe, HO CUIHAMA KOIUHEAPHOCI MeXCOy eHep2ULiHUL Kanayumem
U 8pememo He N0380J464 U30AUpAHe HA epexma Ha Kanayumema, a cnadvm HA YyeHume Ha
ell.eHepaust Cvb8naoa U CvC cnaoa Ha yenume Ha eaza cied 2022 2. Tvii kamo no-Huckume
yenu nooxonaeam npuxooume, CMAMUYHUME OYEHKU C HENpPOMeHeHA CpeOHa yeHa
Haoyeussam Hosume eHmepeutinu npoekmu. Bmopuuen xnvcmepen awnanuz na 100
Gomosormauuny npeonpusmusi OMKpU8a mpu munda HO8U eHepeUliHU NPOeKmu, pa3iuiasauju
ce 21a6Ho no mawad u epekmusHocm, Koemo 060CH08a8a Oupepenyupana, a He eOHOMUNHA
Ovporcasna nookpena. Ilpednodcena e KOMNAKmMHA NbMHA KAPMA CbC CMAOUTUUPAHE HA
npuxooume, CMUMYIU 3a 2b8KABOCM, KIbCMEPHO OUGepeHyupano uuancupane u no-20ama
nazapHa npo3pavHocm npu onpeodename nazapHama yena Ha en.eHepeuama. OCHOBHO
O2paHudeHue e UHMEPNOIUPAHUAM ped HA Kanayumema u Heomoeaumocmma My om eghekma
Ha 2azoeume yenu. M3600vm 3a noaumuxama e cOvbpi’Can U 6 Noas3a Ha OughepeHyupana
NOOKpena 3a Hosume eHepeUuLiHy npoeKmu.
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