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Abstract

Simulation studies of surplus electricity in sugarcane cogeneration almost universally
assume stable nominal operation, and the sector literature qualitatively acknowledges that
many surplus projects underperform; however, this discrepancy has not been systemat-
ically quantified against multiyear operational records. Using daily records from seven
harvest seasons (2010–2016; 931 valid days) of a Cuban low-pressure sugar mill and the
previously published simulation of its own thermal scheme (Termoazúcar STA 4.1), this
study quantifies the discrepancy through the Energy Performance Gap (EPG) framework
adapted from building science. The export shortfall relative to the simulated baseline
ranged from 19.0% to 49.3% per harvest (38.1% aggregated over 2010–2015; 12,835 MWh
unrealized) and reached 28.9% for the five-mill provincial aggregate. The gap does not
arise from idle capacity—availability is 0.98–1.00, and industrial demand matches the simu-
lated value—but from conversion, with a cane-weighted generation deficit of 5.46 kWh/t
(−12.7%). Plant steam records proved to be accounting allocations based on fixed coeffi-
cients and cannot support correlation-based inference; what they document independently
is a contiguous start-of-season regime with pressure-reducing valves in service (39 days of
a single harvest), during which specific generation was 11.9 kWh/t lower at statistically
identical milling rates (26.15 vs. 38.06 kWh/t; p < 0.001). No interannual trend was
detected (Mann–Kendall, p = 0.368), although statistical power is limited, at n = 7. A
Monte Carlo characterization of the parametric uncertainty of the simulated baseline (boiler
efficiency ±3%, turbine isentropic efficiency ±5%, and bagasse moisture ±2 percentage
points) shows that the existence of the gap is robust—the probability of no gap is, at most,
1.1%, even under worst-case uniform perturbations—while widening the intensity-level
discount interval to [0.57; 0.93]; a start-of-season depression in specific generation recurs
in four of the six estimable harvests, of which the 2015 reducer regime is the most severe
instance. As case-specific correction tools, operational discount factors of 0.71 (95% block-
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bootstrap CI [0.68; 0.75]) for export intensity and 0.62 for total seasonal energy are derived;
the underlying procedure, rather than the numerical values, is proposed as transferable.

Keywords: energy performance gap; operational discount factor; bagasse cogeneration;
back-pressure steam turbine; operational data; steam management; decarbonization

1. Introduction
Cogeneration using bagasse constitutes the energetic backbone of the sugar agroin-

dustry, one of the most mature renewable bioelectricity pathways worldwide, and one of
the lowest-cost decarbonization levers available to sugar-producing economies. More than
one hundred countries produce sugarcane, and electricity generation from bagasse already
represents a relevant contribution to national energy matrices in Brazil, India, Thailand,
Mauritius, and Cuba, among others, where the surplus electricity exported to the grid has
become a third product alongside sugar and ethanol [1–3].

Research in the sector has concentrated on estimating the surplus-electricity potential
under different technological reconfigurations: replacement of back-pressure steam turbines
(BPSTs) by extraction–condensing steam turbine (CEST) schemes, which can quadruple
the surplus [4]; recovery of sugarcane straw as a complementary fuel, with increases of
up to 30% [5]; introduction of high-pressure steam generators operating up to 105 bar
and 525 ◦C [3]; hybridization with vinasse biogas and excess bagasse [6]; and biomass-
integrated gasification combined cycles (BIGCC) [7]. Recent reviews consolidate this range
of strategies and emphasize the reduction in bagasse moisture content and improvements
in boiler efficiency as cross-cutting operational levers [8,9].

The dominant tool for quantifying these potentials is the simulation of mass and
energy balances, frequently accompanied by exergy and thermoeconomic analyses. Exergy
diagnostics of sugar mills in Aspen Plus locate the highest exergy destruction in the
cogeneration system, with the boiler identified as the most irreversible component [10–12],
a conclusion replicated through exergoenvironmental [13], advanced exergoeconomic [14],
and model-plant studies from different countries [15,16].

Thermal integration through pinch analysis has demonstrated, since the seminal
works of the methodology [17], that reducing process-steam demand—from about 400–550
to 280–300 kg per ton of cane under advanced technology—releases bagasse for electricity
export [3,18], and the combination of pinch and exergy analysis has even been applied
to real operational data from sugarcane cogeneration systems [19]. Added to this are the
thermoeconomic optimization of operating modes [20,21], life-cycle assessment of cogen-
eration configurations [22], and the quantification of parametric improvements without
capital investment [23].

For the low-pressure sugar-mill fleet of Cienfuegos Province (Cuba), this pathway was
quantified with the Termoazúcar thermoenergetic balance simulator (STA 4.1), reporting
potential increases of 12–50% in the electricity sold to the National Electric Power System
(SEN) while maintaining the same cane throughput [24–26].

Much of this literature shares an assumption that is rarely made explicit: stable
nominal operation. Both the baseline and the improved cases are simulated at potential
milling capacity, under continuous operating conditions and design parameters, such
that the baseline, itself, is an idealization of the existing thermal scheme rather than a
representation of its real operation; consequently, both the baseline and the improvement
potential may be systematically overestimated relative to what is operationally achievable.
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The sector acknowledges this risk qualitatively: a recent review documents that nu-
merous attempts to increase surplus electricity generation—including biomass-integrated
gasification combined cycle (BIGCC) technology—have failed at both pilot and industrial
scale [27]. However, quantitative antecedents remain limited to agronomic–industrial
benchmarking, exergy diagnostics built entirely upon simulation [10], or isolated equip-
ment validations against spot measurements [28]: to the best of the authors’ knowledge,
no published study has systematically confronted the simulated potential of a sugarcane
cogeneration scheme along with its multiyear daily operational record.

This discrepancy between predicted and actual performance has instead been the
subject of a mature body of literature in building science, where it is termed the Energy Per-
formance Gap (EPG). The framework proposed by de Wilde [29] defines it as the difference
between the energy computed at the design stage and the energy measured during opera-
tion, distinguishes its constituent components, and highlights a point that is crucial for the
present work: the magnitude of the gap depends on the temporal resolution at which it is
studied. The quantitative review by van Dronkelaar et al., covering 62 buildings, reports
an average deviation between prediction and measurement of +34% (standard deviation
of 55%) and identifies three dominant causes—model-specification uncertainty (20–60%
effect), occupant behavior (10–80%), and poor operational practices (15–80%) [30]—of
which the first and the last are directly transferable to an industrial system. A later review
formalizes the gap as the ratio between predicted and measured energy use, with reported
values ranging from 0.38 to 4 [31].

The debate regarding the relative weight of each cause—particularly the sometimes
overattributed role of occupant behavior [32–34]—has promoted the calibration of simula-
tion models against measured data as a pathway to close the gap, quantifying the effects of
equipment efficiency, climate data, and usage patterns [35,36], while also acknowledging
critical reflections on the limitations of simulation itself [37]. This conceptual framework—
together with the associated practices of measurement and verification—has no established
equivalent in sugarcane cogeneration.

This work imports the EPG concept—as a framing, not as a contribution—to name
and quantify the same phenomenon in low-pressure sugarcane cogeneration, exploiting
the coincidence of the two elements required for its measurement: the 14 de Julio sugar mill
(Cienfuegos), whose thermal scheme was simulated in STA 4.1 with published baseline
and improved cases [24,26], and its daily operational records covering seven consecutive
harvest seasons (2010–2016), complemented by the simulation of the other four sugar mills
in the province and their aggregated real performance. The study is explicitly designed as
a longitudinal single-plant case study verified against a provincial aggregate; it does not
claim sector-wide generality.

Within this deliberately bounded scope, the study makes three contributions. First,
it provides a daily-resolution quantification—over six harvest seasons, with a seventh
retained for description—of the gap between the electricity surplus predicted by simulation
for a low-pressure sugar mill and the electricity actually delivered to the grid, additionally
verified at the scale of the aggregate performance of the five sugar mills in the province.
Second, it shows that the gap does not arise from idle capacity—neither availability, nor
excessive internal demand, nor underutilization of cane throughput—but from conver-
sion efficiency, and it documents, from the only operationally independent information
contained in the plant steam records, a contiguous start-of-season regime with pressure-
reducing valves in service during which conversion was substantially lower at identical
milling rates; this regime evidence is presented as such, without causal attribution to a sin-
gle mechanism. Third, it derives a case-specific operational discount factor for both export
intensity and total seasonal energy, together with confidence intervals; the transferable
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output is the derivation procedure, and the numerical values must not be extrapolated to
other plant configurations without replication.

The remainder of the paper is organized as follows. Section 2 formalizes the simulated
frontier; the multilevel scope (mill and province); the data and their preprocessing, includ-
ing an explicit assessment of which recorded variables are measurements and which are
accounting allocations; the gap metric and its decomposition; the analysis of the pressure-
reducer regime; and the operational discount factor, together with the extended uncertainty
and robustness analyses added in this revision. Section 3 presents the results. Section 4
discusses the implications and delimits the scope of the findings. Section 5 concludes
the paper.

2. Materials and Methods
2.1. Case Study and Multilevel Scope

The analysis operates at two levels. The primary level is the 14 de Julio sugar mill
(Cienfuegos province, Cuba), with a potential milling capacity of 2998 t/day and a thermo-
energy scheme representative of the low-pressure segment of the Cuban sugar industry:
steam generators rated at 35 and 60 t/h of superheated steam at 1720–2354 kPa and back-
pressure steam turbines of 2.5–4 MW, with electrified milling tandem and main pumps and
bagasse as the primary fuel. For this mill, a complete daily operational dataset covering
seven harvest seasons is available, enabling the gap analysis, its decomposition, and the
characterization of operational regimes.

The secondary level corresponds to the aggregate of the five mills in the province
(14 de Julio, Ciudad Caracas, Antonio Sánchez, Elpidio Gómez, and 5 de Septiembre), for
which both the simulated performance of each thermal scheme and the aggregated real
operational performance by harvest season are available. This level allows for verification
of whether the gap observed at the single-mill scale is reproduced at the provincial scale,
thereby mitigating—without eliminating—the limitation of a single-case study design.

2.2. Simulated Frontier: Baseline and Improved Cases in STA 4.1

The technical frontier against which real operation is assessed is obtained from sim-
ulation of the plant scheme using Cuban software Termoazúcar (STA 4.1), a modular
mass-and-energy balance simulator for sugar mills developed from detailed field audits of
the process scheme [24]. The baseline case represents the existing configuration operating
continuously at potential milling capacity; the improved case incorporates four no-capital
operational adjustments, including minimization of steam flow through pressure-reducing
valves and elimination of vented process steam losses.

Three clarifications delimit the epistemological status of this frontier. First, both cases
are simulations: the baseline case does not represent actual operation but an idealized
steady-state representation of the existing system, and this assumption is precisely what
the present work tests against empirical data. Second, STA 4.1 is deterministic, and its
parametric uncertainty has not been characterized; consequently, the gap estimated here
conflates model-specification error and operational deviation, exactly as recognized in
the building EPG framework [29,30], and the two components cannot be separated with
the available information. Third, as an external plausibility check, the specific steam
consumption implied by the plant accounting convention (12.17 kg of steam per kWh;
Section 2.6) is consistent with the thermodynamic expectation for a back-pressure turbine
operating at 17–23 bar with process-steam exhaust and a realistic isentropic efficiency of
approximately 65% (≈12 kg/kWh) [9,38], and the structure of the simulated balances is
consistent with published simulation-based diagnoses of comparable mills [10,28]; a formal
validation of STA 4.1 against an independent simulation platform remains outside the
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scope of this study and is identified as future work; however, the parametric uncertainty of
the baseline is characterized in this revision through a stochastic surrogate of the thermal
scheme (Section 2.9), and the exact thermodynamic parameters and constraints defining the
baseline case are summarized in Table A1 (Appendix A) to make the paper self-contained.

Table 1 summarizes the key indicators of both cases for the main mill. The analogous
simulation of the five mills defines the provincial-level frontier.

Table 1. Simulated indicators of the thermo-energy scheme of the 14 de Julio sugar mill (STA 4.1) [24,26].

Indicator Unit Baseline Case Improved Case

Specific electricity production kWh/t cane 43.14 45.82
Specific electricity demand kWh/t cane 29.01 29.01
Electricity exported to grid kWh/t cane 14.13 16.81
Excess bagasse (% of available) % 28.25 33.95
Steam through pressure reducer 1 (% steam flow) % 6.34 0.10
Reference milling capacity t/day 2998 2998

2.3. Datasets, Measurement Status of Each Variable, and Data-Cleaning Protocol

Three datasets are used: (i) the daily time series covering seven harvest seasons
(2010–2016) of the main mill, including cane milled, bagasse produced, specific generation,
total electricity generation, electricity imported from the grid, electricity exported to the
grid, and industrial electricity consumption; (ii) the detailed daily bagasse–steam account-
ing sheet for the 2015 harvest season of the same mill, which additionally includes steam
allocation to turbines and pressure-reducing valves, bagasse allocation by end-use, and
surplus flows (The daily bagasse–steam sheets are preserved only for the 2015 season in the
available plant archives, so no reducer-state information is recoverable for the other har-
vests); (iii) the provincial aggregate dataset, consisting of simulated performance for the five
mill schemes and observed aggregated operational performance for the 2013/14–2015/16
harvest seasons, with two additional seasons (2011/12 and 2012/13) available and used for
a robustness check.

An explicit assessment of the measurement status of each recorded variable was
performed, and it conditions the entire analysis. In dataset (i), cane milled, electricity
generation, grid imports, and grid exports are independently metered quantities; industrial
electricity consumption is recorded as the residual of the daily electricity balance of these
metered quantities and is therefore internally consistent by construction. In dataset (ii),
the steam and bagasse magnitudes are accounting allocations computed from fixed plant
coefficients (500 kg of steam per ton of cane; 12.17 kg of steam per kWh generated; 1.77 kg of
steam per kg of bagasse), verified to be constant across all 138 recorded days; consequently,
these magnitudes carry no operational information beyond the metered electricity series
from which they are derived, and they are used in this study only as the plant’s own
accounting translation (Section 2.6). The single operationally independent variable in
dataset (ii) is the binary indicator of whether the pressure-reducing valves were in service
on a given day, which is not derivable from the electricity record (Section 3.5).

The data-cleaning protocol, which is fully reproducible, applies three sequential filters:
removal of records without valid calendar dates (including cumulative and summary rows
embedded in raw datasets), restriction to days with effective operation (cane milled > 0 and
electricity generation > 0), and exclusion of physically infeasible values for a low-pressure
back-pressure steam turbine (specific generation ≥ 150 kWh/t cane). The cleaned dataset
comprises 931 valid operating days and 851 days with complete grid-exchange records. No
further exclusions were applied; a small number of anomalously high generation records
at the start of the 2013 harvest are retained under this protocol and assessed through a
sensitivity analysis in Section 3.1.
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The daily electricity balance identity (Equation (1)) closes by construction because
industrial consumption is the metered residual; internal consistency therefore rests on the
three independently metered quantities. The 2016 harvest season was excluded from the
gap estimation because 79 of its 138 operating days (57%) lack grid-exchange records, and
the recorded specific export (median 0.33 kWh/t) is not interpretable as a complete series; it
is retained for descriptive purposes only, and the structure and interpretation of its record
gap are examined in Section 3.1.

IG + cSEN = cind + eSEN (1)

where IG denotes specific electricity generation, cSEN is the electricity imported from the
grid, cind is the industrial electricity consumption, and eSEN is the electricity exported to
the grid, all expressed in kWh/t of cane.

2.4. Energy Performance Gap (EPG)

Following the canonical definition in the building performance literature [29,31], the
EPG is formalized as the relative distance between simulated and actual performance
(Equation (2)), evaluated at three levels: specific generation, specific electricity export to the
grid, and total seasonal energy output. The latter is evaluated with respect to the simulated
potential maintained over the full harvest calendar (Equation (3)). The same definition is
applied at the provincial level using aggregated actual export and simulated performance
weighted by milling capacity.

δEPG = 1 − Ereal
Esim

(2)

Esim = esim · Mpot · Ncal (3)

where esim is the simulated specific export, Mpot is the potential milling capacity, and Ncal

is the number of calendar days in the harvest season.

2.5. Gap Decomposition

The absolute energy gap is multiplicatively decomposed into three exact product fac-
tors (Equation (4)): availability ( fD, operating days over calendar days), milling utilization
( fT , average actual milling over potential capacity), and export intensity ( f I , ratio of actual
to simulated specific export). The intensity gap is further additively decomposed per ton
(Equation (5)), into generation deficit, demand deviation, and grid-import effects, thereby
localizing the origin of the gap within the electrical balance. For the additive decomposition,
cane-weighted means over the days with complete grid-exchange records are used; because
industrial consumption is the metered residual of Equation (1), the decomposition then
closes exactly (100.0%), avoiding the approximate closure that results from using medians,
which are not additive.

Ereal
Esim

= fD · fT · f I (4)

esim − ereal =
(

IGsim − IGreal
)
+

(
cind,real − cind,sim

)
− cSEN,real (5)

2.6. Operational Regime of the Pressure-Reducing Valves

Steam that is diverted directly to process through pressure-reducing valves does not
pass through the steam turbines and therefore does not generate electricity. In the plant
records, however, the daily steam flows through turbines and reducers are accounting

https://doi.org/10.3390/cleantechnol8050149

https://doi.org/10.3390/cleantechnol8050149


Clean Technol. 2026, 8, 149 7 of 27

allocations computed with the fixed coefficients declared in Section 2.3; any correlation
between a bypass fraction computed from these allocations and specific generation would
be arithmetic by construction and is therefore explicitly rejected as an inferential tool in
this study.

The analysis is instead built on the single operationally independent variable in the
steam records: the binary indicator of whether the pressure-reducing valves were in service
on a given day. That this indicator is not derivable from the electricity series is demonstrated
empirically in Section 3.5. The comparison between the two operating regimes (reducers in
service vs. reducers closed) is performed with the one-sided Mann–Whitney U test [39]
on daily specific generation, complemented by the point-biserial correlation and Cliff’s δ

as a non-parametric effect size [40]; the equality of milling rates between regimes is tested
with a two-sided Mann–Whitney U test to rule out load as a confounder of the regime
contrast. The plant’s accounting convention (12.17 kg of steam per kWh) is retained only to
express the regime deficit in steam-management terms, and its thermodynamic plausibility
is discussed in Section 2.2.

2.7. Determination of the Operational Discount Factor

As a case-specific quantitative synthesis, the operational discount factor (ODF) is
defined as the ratio between real and simulated performance (Equation (6)), evaluated for
electricity export intensity and for specific generation on the pooled daily series (2010–2015),
using the pooled median as the location estimator. Because investment decisions are
based on total seasonal energy rather than intensity, the energy-level discount factor
is additionally reported as the directly observed Ereal/Esim ratio, which, according to
Equation (4), composes the intensity factor along with availability and milling utiliza-
tion; conflating the two levels would lead to systematic under-correction of simulated
energy potentials.

ODFX =
Xreal
Xsim

, X ∈ {eSEN, IG}. (6)

2.8. Statistical Analysis

Given the asymmetry of the distributions and the presence of start-up and shutdown
days, location statistics are reported using medians unless additivity is required (Section 2.5).
The daily time series exhibit first-order temporal autocorrelation (mean intra-harvest lag-1
autocorrelation of 0.39); therefore, confidence intervals are estimated using a moving block
bootstrap (block length: 10 days; 10,000 resamples; fixed seed = 42), which preserves
serial dependence [41,42]. The sensitivity of the confidence intervals to the block length is
assessed by repeating the estimation with 5- and 20-day blocks.

The existence of interannual monotonic trends in median specific generation is as-
sessed using the non-parametric Mann–Kendall test [43–45]. Because the test is applied to
only seven annual medians, its statistical power is limited; the minimum detectable trend
at 80% power and α = 0.05 is quantified by Monte Carlo simulation using the empirical
interannual standard deviation, and the interpretation of the null result is conditioned
accordingly. Associations between specific generation and milling load are quantified per
harvest with Pearson’s correlation coefficient, reported with sample size, p-value, and
Fisher-z 95% confidence interval.

The reported confidence intervals quantify sampling variability under serial depen-
dence; they do not incorporate the measurement uncertainty of the plant metering instru-
ments, which is not characterized in the available records, nor the parametric uncertainty
of the simulation model (Section 2.2); both excluded components are quantified separately
through the extended analyses of Section 2.9, with results in Section 3.9. All processing
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was performed in Python v 3.12 (SciPy/NumPy/statsmodels) and is fully reproducible
from the deposited data and scripts; the significance level is set at α = 0.05. Reference
performance indicators follow standard sugar engineering conventions [46,47].

2.9. Extended Uncertainty and Robustness Analyses

Five analyses added at the request of the reviewers characterize the components
of uncertainty excluded from the block-bootstrap intervals and test the robustness and
generality of the main findings.

(i) Parametric uncertainty of the simulated baseline: Because STA 4.1 is deterministic,
a transparent thermodynamic surrogate of the baseline is constructed and perturbed by
Monte Carlo. In a back-pressure scheme with fixed live-steam and exhaust conditions,
the specific generation predicted by the balance scales, to first order, multiplicatively with
the boiler efficiency, the turbine isentropic efficiency, and the lower heating value of the
bagasse, so the surrogate is calibrated to reproduce the published baseline exactly under
nominal parameters:

IGsim(θ) = IGsim,0
ηb

ηb,0

ηis
ηis,0

LHV(xw)

LHV(xw,0)
, esim(θ) = IGsim(θ)− cind,sim, (7)

with LHV(xw) = 18,309 − 207.63 xw (kJ/kg, xw in percent moisture) [47] and xw,0 = 50%.
The perturbation ranges follow the reviewers’ specification: ηb ±3% relative, ηis ±5%
relative, and xw ±2 percentage points absolute, sampled independently (2 × 105 draws;
fixed seed) under two assumptions: normal distributions with 2σ at the stated limits,
and uniform distributions as a worst-case sensitivity. Milling rate and availability are
deliberately excluded from the stochastic baseline because they enter the energy ratio
exactly and empirically through fD and fT in Equation (4); making them stochastic would
convert the technical frontier into an operational forecast and double-count observed
variability. The subtraction of the (empirically verified) industrial demand in Equation (7)
amplifies relative uncertainty from the generation level to the export level, which is precisely
the mechanism the analysis is designed to expose.

(ii) Instrument uncertainty: Plant electricity meters of accuracy Classes 0.5 and 1.0
(±0.5–1.0%) are assumed as bounding cases. For a median-based estimator, independent
day-level metering noise averages out across the 792-day pooled series, so the dominant
term is a systematic calibration bias, which propagates multiplicatively to the discount fac-
tor; worst-case deterministic bounds and a combined Monte Carlo (sampling × calibration)
are reported in Section 3.9. For the additive decomposition, a ±1% error on the metered
generation propagates to ±0.38 kWh/t on the generation-deficit term of Equation (5).

(iii) Recurrence of the start-of-season depression: The reducer-state indicator exists
only for the 2015 harvest, so the recurrence of the start-of-season regime is tested indirectly
on the metered electricity series of all harvests: median specific generation over the first N
operating days is contrasted against the rest of each season (one-sided Mann–Whitney U;
Cliff’s δ), with N = 39 matching the documented 2015 regime and N = 20 and N = 30 as
sensitivity windows; the equality of milling rates between the two windows is tested per
harvest to flag load confounding.

(iv) Provincial consistency bounds: Because only aggregated real export exists at the
provincial level, subgroup-specific gaps are not directly computable; instead, the aggregate
is decomposed into the measured mill and the four unmeasured mills, solving for the
joint discount factor of the latter implied by the aggregate and the measured ODF of 14 de
Julio, and corner bounds are derived for the high-intensity (>10 kWh/t) and low-intensity
(<10 kWh/t) subgroups.
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(v) Economic valuation: The energy gap is translated into monetary terms using
the purchase tariff system for biofuel-based cogeneration in force during the study pe-
riod (Resolution 425/2011 of the Cuban Ministry of Finance and Prices [48]) and the
AZCUBA planning prices applied in the economic module of STA 4.1 for the same schemes
(0.16 CUP/kWh for electricity sold; 0.20 CUP/kWh for electricity purchased), noting that
the official enterprise exchange rate was 1 CUP = 1 USD throughout 2010–2015.

3. Results
3.1. Characterization of Real Operation: Nominal Continuous Operation Does Not Exist

The real operation of the mill exhibits three structural features that underpin all
subsequent analysis. First, milling availability is nearly complete throughout the harvest
calendar (98–100% in 2010–2015), indicating that shutdowns are not the dominant driver of
the performance gap. Second, daily milling rates are systematically below potential capacity
(84–96%), with a global median of 2754 t/day compared to the nominal 2998 t/day. Third,
daily specific electricity generation shows substantial variability (coefficient of variation
ranging from 9.9% to 29.6% depending on the harvest), which is inconsistent with the
steady-state regime assumed in simulation models. Table 2 summarizes these indicators,
and Figure 1 shows the daily distribution of specific electricity generation for each harvest
season against the simulated baseline and improved cases from STA 4.1.

2010 2011 2012 2013 2014 2015 2016
Harvest

15

20

25

30

35

40

45

Sp
ec

ifi
c 

el
ec

tri
cit

y 
ge

ne
ra

tio
n 

(k
W

h/
t c

an
e)

Base case STA 4.1
(43.14)

Improved case
(45.82)

Figure 1. Daily distribution of specific electricity generation by harvest (boxes: quartiles; line: median)
against the baseline and improved cases simulated in STA 4.1.

The declared cleaning protocol retains three days at the start of the 2013 harvest
with recorded generation above 160 MWh/day, values that exceed the plausible output of
the installed back-pressure turbogenerators; as a sensitivity check, excluding these days
changes the 2013 medians by less than 1% (specific generation of 40.58 to 40.30 kWh/t;
export of 12.82 to 12.80 kWh/t), so all conclusions are robust to their treatment and the
protocol is kept unchanged to avoid discretionary exclusions.

The markedly lower median specific generation of the descriptive 2016 season
(32.35 kWh/t; CV 29.6%) warrants a dedicated diagnostic, as shown in Figure A3b
(Appendix A). The grid-exchange records of 2016 are not missing at random: they exist
exclusively for the final 59 operating days of the season (20 March to 24 May 2016), whereas
the first 79 days (December–March) lack them entirely. The two subsets differ sharply in
independently metered generation: median of 17.54 kWh/t on the days with grid records
versus 35.05 kWh/t on the days without them (two-sided Mann–Whitney, p < 0.001), with
the monthly medians collapsing from 33–36 kWh/t in December–March to 16.44 kWh/t in
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April. Two conclusions follow. First, the low 2016 generation is genuine late-season opera-
tional deterioration, not a metering artifact: specific generation is metered independently of
the grid-exchange records. Second, the recorded export series is not merely incomplete but
systematically biased toward the degraded tail of the season, which converts the exclusion of
2016 from gap estimation (Section 2.3) from a discretionary choice into a necessity; its recorded
median export of 0.33 kWh/t is unrepresentative by construction. The sensitivity of the pooled
estimates is nevertheless quantified: including 2016 moves the generation-level discount factor
from 0.89 to 0.87 (pooled median of 38.18 to 37.51 kWh/t), while the export-level factor cannot
include 2016 at all because its export series is the biased subset just described.

Table 2. Operational indicators by harvest after data cleaning (14 de Julio sugar mill). fD: availability;
CV: coefficient of variation of daily specific electricity generation; IC95: block-bootstrap confidence
interval of delivered electricity median.

Harvest Days Operation. Days fD Milling IG Med. CV IG Delivery IC95 Real Energy
(Calendar) (t/d) (kWh/t) (%) Med. Delivery (MWh)

2010 119 119 1.00 2509 38.06 11.8 8.71 [8.5; 9.4] 2557
2011 113 113 1.00 2733 36.59 14.5 9.06 [8.2; 9.8] 2771
2012 136 136 1.00 2576 38.66 9.9 9.78 [8.9; 10.8] 3381
2013 137 137 1.00 2613 40.58 24.6 12.82 [11.9; 13.4] 4701
2014 153 150 0.98 2618 37.59 13.1 9.96 [9.6; 10.4] 3781
2015 138 138 1.00 2878 36.88 19.1 10.74 [8.2; 12.4] 3694
2016 ∗ 153 138 0.90 2707 32.35 29.6 0.33 — 480
∗ Harvest excluded from EPG estimation because 57% of its operating days lack grid-exchange
records and the recorded export series is incomplete; reported only for descriptive purposes.

The figure reveals the central finding of this study: no harvest median reaches the
simulated base case (43.14 kWh/t), and the daily dispersion is wide, with boxes that expand
notably in the 2013 and 2015 harvests. Real operation is not located at a stable point close
to the design value but, rather, in a cloud of systematically lower values; the assumption of
continuous nominal operation underlying simulation-based studies is not satisfied in any
of the seven harvests.

3.2. Magnitude of the Gap in the Main Sugar Mill

The gap is quantified at three levels. At Level 1 (specific electricity generation), it
ranges from 5.9 to 15.2% relative to the base case depending on the harvest (multiharvest
pooled median of 37.51 vs. 43.14 kWh/t when the descriptive 2016 season is included;
38.18 kWh/t for 2010–2015). At Level 3 (absolute harvest energy), which integrates avail-
ability, milling rate, and export intensity, it ranges from 19.0 to 49.3% (median 41.5%):
for the 2010–2015 period, the mill exported 20,885 MWh against a simulated potential of
33,720 MWh, corresponding to an aggregated gap of 38.1%, equivalent to 12,835 MWh
not realized over six harvests, increasing to 47.9% relative to the improved case. Level 2
(specific export to the SEN) is represented in Figure 2, which shows the daily distribution
of export by harvest against the two simulation anchors.

The distribution confirms and amplifies the pattern observed in generation: median
daily export ranges from 8.7 to 12.8 kWh/t depending on the harvest, always below the
base case (14.13 kWh/t) and far below the improved case (16.81 kWh/t), with an export gap
ranging from 9.3 to 38.4% relative to the base case. Only the 2013 harvest approaches the
base-case anchor, and none exceeds it. Table 3 details the Level-3 gap and its multiplicative
decomposition by harvest, which is analyzed in Section 3.4.
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Figure 2. Daily distribution of specific grid export to the SEN by harvest against the simulated
anchors.

Table 3. Level-3 energy performance gap and multiplicative decomposition (2010–2015 harvests).

Harvest E Real E Sim δEPG Base fD fT fI δEPG Imp.
(MWh) Base (MWh) (%) (%)

2010 2557 5041 49.3 1.000 0.837 0.606 57.4
2011 2771 4787 42.1 1.000 0.912 0.635 51.3
2012 3381 5761 41.3 1.000 0.859 0.683 50.7
2013 4701 5804 19.0 1.000 0.872 0.929 31.9
2014 3781 6481 41.7 0.980 0.873 0.682 51.0
2015 3694 5846 36.8 1.000 0.960 0.658 46.9

2010–2015 20,885 33,720 38.1 — — — 47.9

3.3. The Gap at Provincial Scale

To verify whether the underperformance is idiosyncratic to the 14 de Julio mill or
part of a broader pattern, the simulated performance of the five mills in the province is
compared against their aggregated real operation. Figure 3 shows the simulated export
of each mill, the milling-weighted provincial simulated average, and the aggregated real
provincial export.
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Figure 3. Simulated electricity export (base case) of the five mills in the province, the milling-weighted
provincial simulated mean, and the aggregate real provincial export (2013/14–2015/16 harvests). The
provincial gap is 28.9%.

Simulated export by mill varies widely (6.01–14.13 kWh/t). This heterogeneity is
structural: the five schemes differ in installed turbogenerator capacity relative to milling
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rate, in process-steam demand, and in available bagasse per unit of throughput (Table 4); in
particular, the two largest mills by milling capacity (Antonio Sánchez and 5 de Septiembre)
exhibit the lowest simulated export intensities, so the milling-weighted provincial average
(10.13 kWh/t) lies well below the best individual scheme. Compared with an aggregated
real export of 7.20 kWh/t over the 2013/14–2015/16 harvests, the provincial gap is 28.9%
(37.5% relative to the improved case). As a robustness check, extending the real aggregate
to the five available seasons (2011/12–2015/16) yields 7.40 kWh/t and a gap of 27.0%,
confirming that the result is not driven by the choice of period. This result is decisive for
the scope of the study: underperformance is also observed at the aggregate level of the five
mills, with a magnitude of the same order as in the individual case, indicating that it is not
a peculiarity of the main mill. However, a clarification is required, as detailed in Table 4:
only the main mill has individual operational records; therefore, this result represents an
aggregated provincial gap, not five individually validated gaps.

Table 4. Simulation of the five mills (base case) and aggregated real provincial performance.

Mill/Aggregate Potential Milling (t/d) Available Bagasse (t/d) Export to Grid (kWh/t)

14 de Julio 2998 450 14.13
Ciudad Caracas 2851 141 13.46
Antonio Sánchez 3683 605 6.01
Elpidio Gómez 2875 446 11.62
5 de Septiembre 4560 730 7.82

Provincial simulated (weighted) — — 10.13
Provincial real (2013/14–2015/16) — — 7.20
Provincial gap — — 28.9%
Robustness, 5 seasons (2011/12–2015/16) — — 7.40 (gap 27.0%)

The structural heterogeneity of the simulated intensities (6.01–14.13 kWh/t) raises the
question of whether the aggregate discount is uniform across configurations or concen-
trated in specific schemes. Subgroup-specific gaps cannot be computed directly because
real export exists only as a provincial aggregate; two bounding analyses nevertheless
constrain the answer. First, decomposing the aggregate into the measured mill and the four
unmeasured mills, with the milling weight of 14 de Julio (17.7%) and its measured intensity
ODF of 0.71 [0.68; 0.75], the joint discount factor implied for the remaining four schemes
is 0.711 [0.698; 0.720]—numerically indistinguishable from the measured mill. Second,
splitting the fleet into high-intensity (>10 kWh/t: 14 de Julio, Ciudad Caracas, Elpidio
Gómez; milling-weighted simulated export 13.08 kWh/t; 51.4% of provincial milling) and
low-intensity schemes (<10 kWh/t: Antonio Sánchez, 5 de Septiembre; 7.01 kWh/t; 48.6%),
if the low-intensity subgroup operated with no gap, the high-intensity subgroup would
require an ODF of 0.56, whereas confining the entire gap to the low-intensity subgroup
would require an ODF of 0.14 for it—a value incompatible with the 0.71 measured at a
high-intensity mill and physically implausible. Within the resolution the aggregated data
permit, the underperformance is therefore consistent with a uniform discount across the
fleet rather than with concentration in a single configuration class; individual metering
of the remaining mills, identified as future work, is required to resolve it further. This
consistency analysis assumes comparable availability and milling utilization across mills
and is reported as a bound, not as validation.

3.4. The Gap Is in Generation, Not in Idle Capacity

The first step in locating the origin of the gap is to decompose the energy ratio
(Ereal/Esim) into its three multiplicative factors. Figure 4 presents, by harvest, availability
( fD), milling utilization ( fT), and export intensity ( f I), together with their product.
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Figure 4. Multiplicative decomposition of the Ereal/Esim ratio by harvest: availability ( fD), milling
utilization ( fT), and export intensity ( f I).

The figure immediately rules out two potential drivers: availability is nearly unitary
across all harvests, and milling utilization introduces only a moderate and stable reduction
( fT = 0.84–0.96). The dominant and, more importantly, most variable factor is export
intensity ( f I = 0.61–0.93), which explains most of the gap and its entire interannual
variability: the harvest of 2013, which shows the smallest gap, is characterized exclusively
by its intensity (0.929), not by more operating days or higher milling rates.

The origin of the gap is therefore located in export intensity, which is further de-
composed additively per tonne of cane in Figure 5, using cane-weighted means over the
792 days of 2010–2015 with complete grid-exchange records (Section 2.5).
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Figure 5. Additive decomposition of the specific export gap (cane-weighted means, 792 days with
complete grid-exchange records, 2010–2015 harvests): from the simulated base-case export to the
observed real export. The decomposition closes exactly because industrial consumption is the metered
residual of the daily balance.

The additive decomposition yields a counterintuitive result. Real industrial electricity
demand (29.18 kWh/t, cane-weighted mean) is almost identical to the simulated demand
(29.01 kWh/t; deviation +0.17 kWh/t or +0.6%): the factory does not consume mean-
ingfully more than expected, so demand does not explain the gap. The deficit lies in
generation (37.68 vs. 43.14 kWh/t; −5.46 kWh/t, −12.7%), partially offset by grid imports
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(1.43 kWh/t), reproducing the observed export of 9.93 kWh/t with exact closure (100.0%);
the resulting total export gap is −4.20 kWh/t, i.e., −29.7% of the simulated baseline export.

A statistical control confirms the interpretation. Table 5 reports the intra-harvest
correlation between specific generation and milling load, harvest by harvest, along with
sample sizes, p-values, and confidence intervals. In no harvest does specific generation
increase significantly with load, except 2010, where the association is weak (r = +0.223);
in 2014, the association is significantly negative (r = −0.408). The mean intra-harvest
correlation is −0.08. Underutilization of capacity therefore fails to explain the deficit,
and the negative 2014 association reinforces the conclusion: the gap is one of conversion
efficiency, not idle capacity.

Table 5. Intra-harvest Pearson correlation between daily specific generation and milling load.

Harvest n r p 95% CI (Fisher-z)

2010 119 +0.223 0.015 [+0.045; +0.387]
2011 113 −0.074 0.439 [−0.255; +0.113]
2012 136 −0.178 0.039 [−0.336; −0.010]
2013 137 −0.013 0.878 [−0.181; +0.155]
2014 150 −0.408 <0.001 [−0.534; −0.265]
2015 138 −0.043 0.616 [−0.209; +0.125]

The significantly negative 2014 association (r = −0.408) is mechanically counterintu-
itive for a back-pressure system and is therefore examined in Figure A3a (Appendix A).
Three candidate explanations are tested. Progressive equipment degradation is not sup-
ported: the correlation is stable across the two halves of the season (r = −0.463 and
−0.457), and specific generation on low-milling days remains at normal levels (median of
38.91 kWh/t below the median load versus 36.55 kWh/t above it). Measurement drift is not
supported either: absolute daily generation correlates strongly and positively with milling
(r = +0.81), and the daily balance closes by construction. What distinguishes 2014 is the
shape of the generation–throughput relationship: the marginal generation is 30.0 kWh
per additional tonne—against 35.9–41.0 kWh/t in the other five harvests—with a positive
intercept of 20.3 MWh/day (against −7.8 to +6.4 MWh in the other harvests), yielding an
elasticity of 0.82 at the median load. Generation therefore grew sub-proportionally with
throughput: at high milling rates, part of the incremental steam was routed to process
demand or losses rather than through the turbogenerators, which mechanically produces
the negative correlation between the specific indicator and load. This is consistent with a
steam-side constraint concurrent with process-steam demand rather than with degradation
or metering drift, although the accounting nature of the steam records precludes direct
verification. The influence of 2014 on the pooled synthesis is bounded: excluding it moves
the export-level discount factor from 0.712 to 0.718, so the pooled gap is not driven by
this harvest.

3.5. The Start-of-Season Regime with Pressure-Reducing Valves in Service

Having established that the deficit arises from conversion efficiency, the plant steam
records were examined for operational information. As declared in Section 2.3, the recorded
steam magnitudes are accounting allocations built from fixed coefficients; any correla-
tion between an allocation-based bypass fraction and specific generation is arithmetic by
construction—on the subset of days with a non-zero reducer allocation, that correlation
equals −1.000 exactly—and is therefore not reported as evidence. The records do, how-
ever, contain one operationally independent variable: the binary indicator of whether the
pressure-reducing valves were in service. Its independence from the electricity series is
demonstrable: 90 of the 138 recorded days have specific generation below the accounting
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break-even of 41.08 kWh/t and would necessarily carry a positive reducer allocation under
the fixed coefficients yet are recorded with the reducers closed, and the generation ranges
of the two groups overlap (up to 36.76 kWh/t among reducer days; down to 31.41 kWh/t
among closed days).

The structure of this indicator is, itself, informative: the reducers were in service during
a single contiguous block of 39 days at the start of the 2015 harvest (2 December 2014 to
9 January 2015; 28.3% of the operating days), with exactly one state change over the whole
season. Figure 6 presents this evidence in two complementary views: Figure 6a shows the
daily specific generation across the season with the regime highlighted, and Figure 6b contrasts
the distributions of daily generation under the two regimes.
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Figure 6. The start-of-season regime with pressure-reducing valves in service (2015 harvest). (a) Daily
specific electricity generation across the season; the shaded band marks the contiguous 39-day regime
with the reducers in service, dashed lines mark the median of each regime, and the dotted line
represents the simulated baseline. (b) Distribution of daily specific generation by regime (boxes:
quartiles; line: median; points: individual days), with the one-sided Mann–Whitney significance and
Cliff’s δ effect size.

The contrast between regimes is large and statistically unambiguous: median specific
generation was 26.15 kWh/t with the reducers in service versus 38.06 kWh/t with the
reducers closed, a difference of 11.9 kWh/t (one-sided Mann–Whitney U, p < 0.001; point-
biserial rpb = −0.78; Cliff’s δ = 0.96—a very large effect). Crucially, the milling rate is
statistically indistinguishable between regimes (medians of 2994 vs. 2992 t/d; two-sided
Mann–Whitney, p = 0.698), so the regime deficit is not a load effect. Expressed in the plant’s
own accounting convention (12.17 kg of steam per kWh), the regime deficit corresponds to
diverting on the order of one-tenth of the season’s steam away from the turbogenerators,
which is the accounting translation—not an independent measurement—of the same
electricity deficit.

Two interpretive boundaries must be stated. First, this evidence comes from a single
harvest with daily steam records, and its generality is unknown. Second, the regime
contrast identifies a start-of-season operating configuration, not an isolated mechanism:
reducers in service plausibly coincide with other start-up factors (equipment warm-up,
boiler tuning, early-season bagasse moisture, and maintenance state), and the available
data cannot apportion the deficit among them. What the finding does establish, within
these boundaries, is that the conversion deficit is concentrated in an identifiable, calendar-
bounded operating regime whose shortening or tightening is an operational decision
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requiring no capital investment—the same class of measure that the improved simulated
case represents by reducing the reducer flow to 0.1% (Table 1).

Whether this start-of-season configuration is recurrent or anomalous cannot be tested
directly because the reducer-state indicator exists only in the 2015 steam records; it can,
however, be tested indirectly on the metered electricity series of all seasons through the
start-of-season contrast defined in Section 2.9, as shown in Figure A1 (Appendix A). Over
the first 20 operating days, a significant depression of median specific generation appears
in four of the six estimable harvests: −3.09 kWh/t in 2010 (Cliff’s δ = −0.31; p = 0.014),
−4.47 kWh/t in 2011 (δ = −0.65; p < 0.001), −4.13 kWh/t in 2012 (δ = −0.52; p < 0.001),
and −9.86 kWh/t in 2015 (δ = −0.81; p < 0.001), with no depression in 2013 or 2014
and a mean effect size of δ = −0.39 across 2010–2015. Two qualifications bound this
evidence. First, load confounding is heterogeneous: milling rates in the opening window
are statistically indistinguishable from the rest of the season in 2011 (p = 0.588) and 2015
(p = 0.063)—the cleanest cases—but significantly lower in 2010 and 2012, where part of the
early deficit could reflect load, although the weak or negative within-harvest generation–
load correlations of Table 5 limit that channel. Second, in the full 39-day window of the
documented regime, only 2015 sustains a large effect (−11.91 kWh/t; δ = −0.96), with a
mild residual effect in 2011 (−1.23 kWh/t; p = 0.036). The reading that the data support is
therefore twofold: a moderate start-of-season depression of 3–4.5 kWh/t over roughly the
first three weeks is a recurrent feature of this plant, and the 2015 reducer regime is its most
severe and most prolonged documented instance—exceptional in depth and duration but
not an isolated anomaly in kind. This places the single-harvest regime evidence within an
inter-harvest pattern without overstating its generality.

3.6. Consistency of the Bagasse Accounting

The 2015 bagasse sheet records a median bagasse surplus of 14.1% of produced
bagasse, compared to 28.25% in the simulated base case and 33.95% in the improved case.
Because the bagasse allocations in the plant records are derived from the electricity series
through the same fixed coefficients as the steam allocations (Section 2.3), this figure is the
mass-side accounting translation of the observed generation deficit—a less efficient bagasse-
to-electricity conversion consumes a larger recorded fraction of the available bagasse while
delivering lower output—and it is reported here strictly as an internal-consistency check of
the plant’s own bookkeeping, not as independent validation of the electrical balance.

3.7. Temporal Stability of the Gap

The Mann–Kendall test applied to the interannual medians of specific generation
(2010–2016) does not detect a significant monotonic trend (S = −7; Z = −0.90; p = 0.368).
The statistical power of this test at n = 7 is, however, limited: Monte Carlo simulation with
the empirical interannual standard deviation (2.53 kWh/t) shows that only trends steeper
than approximately 2.25 kWh/t per harvest—equivalent to a cumulative drift of about 36%
of the mean level over the period—would be detected with 80% power. The null result is
therefore consistent with, though not conclusive proof of, a structurally stable gap: within
the detectability limits of the series, the system operates in a state systematically below the
simulated benchmark without evidence of progressive deterioration, suggesting that the
gap will not close spontaneously and requires deliberate operational intervention.

3.8. Operational Discount Factor

As a case-specific quantitative synthesis of the gap, Figure 7 presents the operational
discount factors with their block-bootstrap confidence intervals. For electricity export
intensity, the factor relative to the base case is 0.71 (95% CI [0.68; 0.75]) and 0.60 ([0.57; 0.63])
relative to the improved case; for specific generation, it is 0.89 ([0.87; 0.90]). The point
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estimates are invariant to the bootstrap block length (5, 10, and 20 days), and the confidence-
interval half-widths increase only moderately with longer blocks (0.031, 0.037, and 0.048,
respectively, for export intensity), supporting the robustness of the interval estimates to
this methodological choice.

Export intensity
vs. baseline

Export intensity
vs. improved

Specific generation
vs. baseline

Seasonal energy
(fD fT fI, derived)

0.5

0.6

0.7

0.8

0.9

1.0

Op
er

at
io

na
l d

isc
ou

nt
 fa

ct
or

 (r
ea

l /
 si

m
ul

at
ed

)

No gap (ODF = 1)

0.71

[0.68; 0.75]

0.60
[0.57; 0.63]

0.89
[0.87; 0.90]

0.62

Figure 7. Operational discount factors (real/simulated) with 95% block-bootstrap confidence intervals
(10-day blocks): export intensity against the baseline and improved cases, specific generation against
the baseline, and the derived seasonal-energy factor ( fD fT f I). The dotted line indicates no gap
(ODF = 1).

Because investment decisions concern total seasonal energy, the energy-level factor
is reported separately: the directly observed ratio is Ereal/Esim = 0.62 for 2010–2015,
consistent with the fD · fT · ODFe composition of Equation (4). The distinction matters in
application: multiplying a simulated seasonal energy potential by the intensity factor alone
(0.71) would under-correct it because sub-nominal milling and availability losses would be
omitted. For systems of this class, simulated export potentials should be corrected with
the factor matching the decision variable—0.71 for specific intensity and 0.62 for seasonal
energy—or, alternatively, the baseline simulation should be calibrated against operational
data; in either case, these numerical values are specific to this plant and period, and their
transfer to other configurations requires replication.

3.9. Parametric Uncertainty of the Baseline and Total Uncertainty of the Discount Factor

Figure A2 (Appendix A) presents the Monte Carlo characterization of the simulated
baseline defined in Section 2.9. Under normal perturbations (2σ at the reviewer-specified
limits), the 95% interval of the baseline export intensity is esim ∈ [10.86; 17.50] kWh/t (me-
dian of 14.11, reproducing the nominal 14.13), and under worst-case uniform perturbations,
it is [10.47; 17.97] kWh/t. The subtraction of the industrial demand amplifies the ±3–8%
parametric uncertainty at the generation level into a ±23% uncertainty at the export level,
so the half-width of the baseline interval spans on the order of 80–90% of the observed
intensity gap of 4.07 kWh/t. Three consequences follow, and all three must be stated. First,
the existence and sign of the gap are robust to parametric model uncertainty: the probability
that the observed pooled median export reaches or exceeds the perturbed baseline is 0.7%
under normal and 1.1% under worst-case uniform perturbations at the export level and, at
most, 0.1% at the generation level, where the amplification is absent. Second, the magni-
tude of the intensity-level discount factor is materially model-dependent: propagating the
parametric uncertainty yields an ODF interval of [0.57; 0.93], and combining it with the
block-bootstrap sampling uncertainty leaves the total 95% interval essentially unchanged, at
[0.57; 0.93], dominated by the parametric component. The point estimate of 0.71 [0.68; 0.75]
must therefore be read as conditional on the nominal parameterization of STA 4.1, with the
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wider band expressing total uncertainty. Third, three observations external to the simulator
constrain how much of the gap the parametric channel can plausibly absorb: the measured
industrial demand matches the simulated value to +0.6%, the specific steam rate embed-
ded in the plant records (12.17 kg/kWh) matches the thermodynamic expectation for the
installed configuration (Section 2.2), and the regime contrast of Section 3.5 (11.9 kWh/t at
identical milling rates) is entirely model-free. The seasonal-energy factor of 0.62 is likewise
partially insulated because its availability and milling-utilization components ( fD and fT)
are measured, not simulated.

Instrument uncertainty adds a second, smaller component. Because the discount
factor is median-based, independent day-level metering noise averages out over the
792 pooled days, and the combined Monte Carlo (sampling × Class-1.0 calibration bias)
widens the interval by less than 0.005; the worst-case deterministic bounds under a system-
atic calibration bias are [0.677; 0.754] for Class 0.5 m and [0.673; 0.758] for Class 1.0. The
statement in Section 2.8 that the bootstrap intervals exclude these components is thereby
replaced by an explicit quantification: sampling and instrument components are of the
order of hundredths, while the parametric-model component is of the order of tenths and
dominates the error budget of the intensity-level factor.

4. Discussion
4.1. Magnitude of the Gap in Relation to the Performance Gap Literature

The quantified gap—19 to 49% per harvest, 38.1% aggregated at the mill level, and
28.9% at the provincial level—falls squarely within the range documented for the energy
performance gap (EPG) in buildings. The reported mean deviation of +34% with a standard
deviation of 55% across 62 buildings [30] and the prediction-to-measurement ratio ranging
from 0.38 to 4 [31] position these results as one instance of a cross-cutting phenomenon
across energy systems rather than an anomaly specific to the sugar industry.

Moreover, de Wilde’s framework highlights that the magnitude of the gap depends on
the temporal resolution at which it is assessed [29]; the daily-resolution design of this study,
compared with the seasonal averages typically used in the sugar sector, is precisely what
allows the variability to be observed (coefficient of variation ranging from 9.9 to 29.6%),
which would otherwise be masked by aggregation.

The contribution is therefore not the observation that real systems underperform
simulations—an intuition familiar to operators and qualitatively acknowledged in the
sector as recurrent project failures [27]—but the quantification, decomposition, and regime-
level localization of the gap using daily operational data in a field where the literature has
been dominated by simulation-based approaches [4,10], together with an explicit audit of
which recorded plant variables can—and which cannot—support empirical inference.

4.2. A Causal Reading: From the Building Performance Framework to the Sugar Mill

The diagnostic value of the results becomes evident when mapped onto the causal
categories identified in the building performance gap literature [30]. The first source,
model specification uncertainty, corresponds to the deterministic nature of STA 4.1, which
simulates nominal steady-state operation without incorporating operational variability;
its effect is manifested in the fact that the base case, rather than acting as a lower bound,
becomes an upper benchmark that real operation never reaches, and its magnitude is
now bounded quantitatively by the stochastic surrogate of Sections 2.9 and 3.9. The
second source, occupant behavior—whose weight in buildings is subject to active debate
and even concerns of over-attribution [32–34]—has no direct analog in a plant without
occupants, and its absence helps explain why the observed gap is more structural and
less stochastic than that typically found in office buildings, consistent with the absence of
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a detectable interannual trend (Section 3.7). The third source, operational practices—to
which the review attributes up to 80% of the gap—is illuminated here not by a correlation,
which the accounting nature of the steam records precludes, but by regime evidence: a
calendar-bounded start-of-season configuration with pressure-reducing valves in service
during which conversion was 11.9 kWh/t lower at identical milling rates, now placed
within a recurrent inter-harvest start-of-season pattern (Section 3.5). In buildings, the
established method to disentangle and quantify these causes is model calibration against
measured data [35,36]; this work provides the sectoral analog of the confrontation step,
and the building framework, by excluding non-applicable causes, focuses attention on the
operational-practice category to which the identified regime belongs.

4.3. Why the Margin Lies in Steam Management and Not in Turbine Efficiency

A methodological clarification is necessary for interpretability. The specific steam con-
sumption embedded in the plant records (12.17 kg/kWh) could be hastily read as evidence
of inefficient turbogenerators; thermodynamic analysis contradicts this: it is the expected
value for a back-pressure turbine operating at 17–23 bar with process-steam exhaust, com-
pared with the approximately 5–6 kg/kWh typical of high-pressure systems [9,38]. The
sector literature further confirms that low-efficiency configurations typically operate with
live steam at around 22 bar and 300 ◦C [18] and that the main gains in surplus electricity
arise from increasing pressure levels and the shift toward CEST configurations [3,4]. At-
tributing the gap to turbine inefficiency would therefore constitute a diagnostic error: the
limitations of low-pressure systems belong to capital-intensive modernization of the steam
cycle, not to operational deficiencies of existing equipment. The margin that is reducible
without investment lies in steam management, and the regime evidence of Section 3.5
locates it concretely in the start-of-season configuration with reducers in service. Thus, the
diagnostic separates two distinct horizons: short-term steam management without capital
investment and long-term pressure-level upgrading requiring capital deployment.

A further layer of the same diagnostic concerns the feedstock itself. The simulation treats
bagasse as a uniform energy carrier, yet the lignocellulosic matrix delivered at the start of
the season differs systematically from mid-season material: early-cut cane and rain-season
harvesting raise bagasse moisture and extraneous matter, depressing the lower heating value—
approximately 208 kJ/kg per percentage point of moisture [47]—and boiler combustion
stability. Under such conditions, sustaining live-steam pressure for the turbogenerators
becomes harder precisely when process-steam demand must still be met, and routing steam
through the pressure-reducing valves is the operationally conservative response; degraded
early-season biomass quality is therefore not merely a co-occurring factor but a plausible
driver of the very bypass regime documented in Section 3.5, and it may also contribute
to the recurrent moderate start-of-season depression of Figure A1. The available records
contain no physicochemical characterization of the bagasse, so this mechanism cannot be
tested retrospectively; what can be specified is the monitoring protocol that would make it
testable in future campaigns: daily composite bagasse sampling at the boiler feeders during at
least the first six weeks of the season and weekly thereafter, with determination of moisture
(oven drying), ash, and higher/lower heating value (bomb calorimetry), complemented
by a basic compositional profile (fiber and Brix of residual juice) at weekly resolution, all
logged against the reducer-state indicator and the metered electricity series. Together with
direct steam-flow measurement on the turbogenerator and bypass lines—for which non-
invasive clamp-on ultrasonic flow meters on the main steam headers are the natural retrofit,
enabling thermodynamic validation of the specific steam consumption baseline without piping
modifications—this would convert the accounting-based steam records into an instrumented
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dataset capable of apportioning the start-of-season deficit among feedstock quality, equipment
warm-up, and steam-management practice.

4.4. The Discount Factor and the Absence of a Measurement and Verification Framework

The main practical deliverable is the operational discount factor in its two forms. The
fact that the simulated export potential must be discounted by approximately 30% in inten-
sity terms (ODF ≈0.71) and by approximately 40% in seasonal-energy terms (0.62) before
being used to support investment decisions is a correction that is currently absent in sugar-
energy planning, whereas in buildings, it is standardized through a comprehensive mea-
surement and verification (M&V) framework. The International Performance Measurement
and Verification Protocol (IPMVP) defines its Option D—calibrated simulation—precisely
to anchor a model to measured data and recommends using the first year of stable operation
as a new baseline against which improvements are assessed [49], which is effectively the
operational translation of calibrating the baseline case against measured performance.

ASHRAE Guideline 14 introduces statistical thresholds for bias and fractional uncer-
tainty in savings, which govern the temporal granularity of the model [50], while ISO 50001
and ISO 50015 institutionalize the concept of energy baselines and performance indicators,
as well as the verification of improvements at the organizational level [51,52]. The pro-
posed ODF can be interpreted as an energy performance indicator—in the sense of these
standards—that translates the simulation–operation gap into a single, auditable coefficient,
provided the intensity and energy levels are not conflated.

Moreover, the issue extends beyond buildings: in wind and solar power generation,
overestimating or underestimating production has direct financial consequences—such
as debt-covenant breaches or missed investment opportunities—and is managed using
correlation techniques with reference periods, where the main risk is, again, the repre-
sentativeness of the selected period [53]. The factors derived here are a minimal version
of the same concept applied to sugarcane cogeneration: specific to this class of system
and time period—therefore, their numerical values should not be extrapolated without
replication—but based on a fully transferable and, with the deposited data and scripts,
fully reproducible procedure.

A final qualification bounds the transferability of the factors by technology class.
The derived ODFs are tightly bound to the thermodynamic limits of a low-pressure back-
pressure configuration, in which electricity is a by-product rigidly coupled to process-
steam demand: generation cannot exceed what the process pulls through the turbines,
so operational shortfalls translate almost entirely into lost export, and the export level
amplifies generation-level deviations because the (accurately predicted) internal demand is
subtracted from a diminished generation. A mill equipped with an extraction–condensing
steam turbine (CEST) faces a structurally different gap: the condensing path decouples
generation from process demand, giving the operator a degree of freedom to sustain
output during process fluctuations while introducing failure modes absent here (condenser
vacuum and cooling-water limitations) and a stronger sensitivity to fuel availability, since
surplus power competes directly for bagasse. A CEST plant would therefore be expected
to exhibit a different—plausibly smaller and differently structured—energy performance
gap, and its discount factor would require independent calibration on its own operational
records; the numerical values derived here apply to the low-pressure BPST class only, while
the derivation procedure applies to both.

4.5. Implications for Undercapitalized Sugar Mills

For low-pressure sugar mills with restricted access to capital—as in the Cuban case
and in segments of Sub-Saharan Africa, South Asia, and Southeast Asia, where bagasse-
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based cogeneration is both mature and underexploited [1–3]—the priority order suggested
by the results is as follows: first, close the operational gap without capital investment by
tightening the start-of-season regime with pressure-reducing valves in service and bringing
milling operation closer to installed capacity, whose upper bound is given by the simulated
base case (approximately +40% export relative to the observed pooled median), and
only thereafter consider capital-intensive retrofits (high-pressure systems, CEST), whose
financial assessment must be based on baselines corrected with the operational discount
factor appropriate to the decision variable.

The gap admits a direct monetary translation under the purchase-tariff framework in
force during the study period (Resolution 425/2011 of the Ministry of Finance and Prices,
which set time-of-day tariffs for biofuel-based cogeneration with a fuel-price adjustment
coefficient [48]) and the AZCUBA planning prices applied in the economic module of
STA 4.1 (0.16 CUP/kWh sold; 0.20 CUP/kWh purchased; official enterprise exchange rate
of 1 CUP = 1 USD in the period). The 12,835 MWh of unrealized export over 2010–2015
represents approximately 2.05 million CUP of foregone revenue—on the order of 0.34 mil-
lion CUP per harvest—to which the 3008 MWh of grid imports add 0.60 million CUP of
direct expenditure. Per unit of throughput, the export gap of 4.20 kWh/t and the imports
of 1.43 kWh/t translate into a financial leakage of 0.96 CUP per tonne of cane, equivalent
to about 1.0% of the cane price itself (95 CUP/t); the 39-day reducer regime of 2015 alone
accounts for roughly 1389 MWh and 0.22 million CUP for a single start of season. For an
undercapitalized mill, these are not marginal figures: they are recurrent losses of the same
order as the entire annual electricity revenue line of the plant, recoverable in large part
through the no-capital steam-management measures identified above.

Investing capital on inflated baselines leads to systematically overestimated expected
returns, precisely in contexts with the least capacity to absorb such errors; the reverse
order—operational optimization first, capital investment second—protects the economic
viability of the transition and constitutes, in itself, a low-cost decarbonization measure,
since every megawatt-hour recovered from the existing bagasse displaces fossil generation
on the national grid.

4.6. Limitations

First, individual operational records are available for a single mill; the provincial result
is an aggregated gap over five mills, not five individually validated gaps, and sector-wide
generalization requires replication with measured data from other schemes. Second, the
study period (2010–2016) predates the recent downturn of the Cuban agro-industrial sector;
the analysis is a retrospective methodological assessment rather than a diagnosis of the
current state of the system. Third, STA 4.1 is deterministic; its parametric uncertainty is
now bounded through the first-order stochastic surrogate of Sections 2.9 and 3.9, which
quantifies but does not eliminate the conflation of model-specification error and operational
deviation, and benchmarking STA 4.1 against an independent simulation platform remains
a natural extension. Fourth, the steam and bagasse magnitudes in the plant records
are accounting allocations built from fixed coefficients; only the binary indicator of the
pressure reducers being in service is operationally independent, and the regime contrast
built on it cannot apportion the observed deficit among the co-occurring start-of-season
factors (equipment warm-up, boiler tuning, early-season bagasse moisture, fouling, steam
leaks, maintenance practices, or instrument calibration), none of which is measured in the
available records. Fifth, the regime evidence rests on a single harvest (2015) with daily
steam records, although the indirect start-of-season contrast of Section 3.5 now places it
within a recurrent inter-harvest pattern. Sixth, the 2016 harvest was excluded because
57% of its operating days lack grid-exchange records, a gap shown in Section 3.1 to be
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systematically concentrated in the degraded final stretch of the season. Seventh, the
block-bootstrap intervals reflect sampling variability under serial dependence only; the
parametric-model and instrument components are now quantified separately in Section 3.9,
where the parametric component is shown to dominate the total error budget of the
intensity-level factor ([0.57; 0.93]), while the surrogate used for that quantification is, itself,
a first-order multiplicative approximation of the STA 4.1 balance, not a replacement for
benchmarking against an independent platform. Eighth, the start-of-season contrast of
Section 3.5 is partially confounded by lower early-season milling in the 2010 and 2012
harvests, and the economic valuation of Section 4.5 relies on administered planning prices
rather than market prices, so it measures foregone revenue under the prevailing tariff
framework, not economic value in a market sense.

5. Conclusions
This study quantifies, from a seven-harvest daily operational dataset of a low-pressure

sugar mill, the gap between the electricity surplus predicted by simulation and the electric-
ity actually delivered to the grid —a discrepancy repeatedly acknowledged in the sector
literature but not previously confronted with multiyear daily records—and frames it within
the energy performance gap (EPG) concept.

The absolute export gap relative to the simulated base case ranges from 19.0 to 49.3%
depending on the harvest (38.1% aggregated over 2010–2015; 12,835 MWh unrealized), and
at the level of the five-mill provincial aggregate, it reaches 28.9% (27.0% when extended to
the five available seasons), indicating that the underperformance is not idiosyncratic to the
case-study mill.

The gap does not arise from idle capacity: availability is nearly complete (98–100%),
the cane-weighted real demand matches the simulated demand (29.18 vs. 29.01 kWh/t),
and in no harvest does specific generation increase significantly with milling load; the
deficit is located in conversion (5.46 kWh/t; −12.7%), with the additive decomposition
closing exactly.

The plant steam records proved to be accounting allocations and cannot support
correlation-based inference; their single operationally independent variable documents
a contiguous start-of-season regime with pressure-reducing valves in service (39 days of
the 2015 harvest) during which specific generation was 11.9 kWh/t lower at statistically
identical milling rates (26.15 vs. 38.06 kWh/t; p < 0.001; Cliff’s δ = 0.96). Thus, within
the limits of single-harvest evidence, the conversion deficit is concentrated in an identi-
fiable, calendar-bounded operating configuration whose tightening requires no capital
investment; the data cannot apportion the deficit among the mechanisms that co-occur in
that configuration.

No interannual trend was detected (Mann–Kendall, p = 0.368); given the limited power
of the test at n = 7 (minimum detectable trend of approximately 2.25 kWh/t per harvest), this
result is consistent with, though not conclusive proof of, a persistent structural gap.

The parametric uncertainty of the deterministic baseline is characterized through a
calibrated stochastic surrogate: the existence of the gap survives worst-case perturbations
of the simulation inputs (probability of no gap of, at most, 1.1% at the export level and 0.1%
at the generation level), while the intensity-level discount factor carries a total 95% interval
of [0.57; 0.93], dominated by the model-parametric component, so its point value of 0.71 is
conditional on the nominal parameterization. A start-of-season depression of 3–4.5 kWh/t
over the first three operating weeks recurs in four of six estimable harvests, identifying
the 2015 reducer regime as the most severe instance of a recurrent pattern rather than an
isolated anomaly; and the gap translates into a financial leakage of approximately 0.96 CUP
per tonne of cane under the tariff framework of the period.
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Case-specific operational discount factors are derived with block-bootstrap confidence
intervals: 0.71 ([0.68; 0.75]) for export intensity and 0.62 for total seasonal energy, with the
latter composing intensity with availability and milling utilization. The transferable output
is the derivation and correction procedure; the numerical values are specific to this plant
and period and must be replicated before use elsewhere.

Future work is directed along four main lines: consolidating the separation of model
error from operational variability initiated here by benchmarking the stochastic surrogate
of the STA model against an independent simulation platform; replicating the framework
with measured data from other mills to replace the aggregated provincial gap with in-
dividual mill-level gaps and to test the transferability of the discount factors; extending
the steam records—ideally with direct flow measurement—across additional harvests to
test the generality of the start-of-season reducer regime; and instrumenting the candidate
start-up factors through the combined protocol specified in Section 4.3—daily physico-
chemical bagasse sampling (moisture, ash, calorific value, and basic compositional profile)
during the opening weeks of the season, together with non-invasive ultrasonic steam-flow
measurement on the turbogenerator and bypass headers—so that the regime deficit can
be apportioned among feedstock quality, equipment warm-up, and steam-management
practice and the specific steam consumption baseline can be validated thermodynamically.
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The following abbreviations are used in this manuscript:

BIGCC Biomass Integrated Gasification Combined Cycle
BPST Back-pressure Steam Turbine
CEST Condensing–Extraction Steam Turbine
CV Coefficient of Variation
EPG Energy Performance Gap
LHV Lower Heating Value
ODF Operational Discount Factor
IG Specific Electricity Generation (kWh per t of cane)
SEN Sistema Electroenergético Nacional (Cuban national grid)
STA Sistema Termoazúcar (sugar-mill thermal balance simulator)
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Appendix A

Table A1. Thermodynamic parameters and constraints defining the STA 4.1 baseline case of the 14 de
Julio sugar mill (from [24,26] and the underlying field audit).

Parameter/Constraint Value

Steam generators (superheated steam) 35 and 60 t/h
Live-steam pressure range 1720–2354 kPa
Turbogenerators (back-pressure) 2.5–4 MW
Exhaust (process) steam pressure ≈224 kPa
Specific steam generation 1.54–2.06 kg steam/kg bagasse
Turbine isentropic efficiency (sector range; plausibility value) 60–83%; ≈65%
Factory steam consumption (% of cane mass flow) 46.84
Steam vented to atmosphere (% of cane mass flow) 3.2
Steam through pressure reducer 1 (% of steam flow) 6.34
Specific electricity production/demand/export 43.14/29.01/14.13 kWh/t
Surplus bagasse (% of available) 28.25
Operating constraint Continuous operation at 2998 t/d
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Figure A1. Start-of-season contrast in median specific generation for (a) the first N = 20 and (b) the
first N = 39 operating days versus the rest of each season. Red bars: significant one-sided Mann–
Whitney depression (∗p < 0.05; ∗∗∗p < 0.001), with Cliff’s δ annotated; gray: 2016, descriptive only.
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Figure A2. Monte Carlo characterization of the simulated baseline (normal perturbations, 2σ at the
limits: boiler efficiency ±3%, isentropic efficiency ±5%, bagasse moisture ±2 points; 2 × 105 draws).
(a) Distribution of the baseline export intensity (esim) against the nominal value and the ob-
served pooled median. (b) Resulting distribution of the export-intensity discount factor under
parametric uncertainty.
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Figure A3. Diagnostics for the two atypical harvests. (a) 2014: daily generation versus milling, with
the 2014 OLS fit (marginal generation of 30.0 kWh per additional tonne; positive intercept) against
the 2013 reference; the sub-proportional scaling mechanically produces the negative correlation
between specific generation and load. (b) 2016: daily specific generation colored by availability of the
grid-exchange record; records exist only for the degraded final 59 days of the season, so the recorded
export series is systematically biased, not merely incomplete.
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