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Abstract

Facility agriculture couples energy operation with crop growth, yet existing studies often
separate long-term capacity planning from short-term greenhouse scheduling. This paper
develops a coordinated planning and 24 h day-ahead scheduling framework for a rural
integrated-energy system with agricultural-load flexibility. The planning stage optimizes
the capacities of the biogas generator, battery energy storage system (BESS), and gas boiler,
while the existing 500 kW agrivoltaic photovoltaic (PV) system is treated as a sunk asset
and kept fixed. The scheduling stage coordinates grid exchange, PV, biogas generation,
BESS charging/discharging, supplementary-lighting regulation, and thermal supply under
time-of-use tariffs, subject to PAR, DLI, GDD, indoor-temperature, and TDRW constraints.
Compared with conventional seasonal planning, the proposed crop-growth-aware planning
reduces annual planning cost by 9.01%. In day-ahead operation, agricultural flexibility alone
reduces operating cost by 9.28%, while coordinated agricultural-load and BESS scheduling
reduces it by 14.63%, increases PV utilization from 56.54% to 90.59%, and decreases daily
operational carbon emissions from 4584.72 to 3817.39 kg CO,-day~!. These results quantify
the distinct contributions of crop-constrained demand flexibility and storage while explicitly
linking capacity decisions to short-term operation.

Keywords: rural integrated energy system; coordinated planning and scheduling; flexible
load; crop growth constraint; battery energy storage

1. Introduction

The rapid electrification of modern agriculture is reshaping the structure and operation
of rural energy systems [1]. Greenhouses, irrigation facilities, environmental control equip-
ment, agricultural processing units, and other electrically driven devices are increasingly
integrated with photovoltaic generation, bioenergy conversion, battery energy storage, and
external power grids [2]. This transition improves the level of automation and renewable-
energy utilization in agricultural production, but it also introduces stronger temporal
coupling among electricity demand, thermal demand, crop growth, and environmental
conditions. In particular, greenhouse lighting and heating loads are not purely conventional
energy demands because their operating trajectories directly affect crop photosynthesis,
temperature accumulation, biomass formation, and ultimately agricultural productivity [3].
Consequently, energy planning and operational scheduling in rural areas should not be
conducted independently of crop physiological requirements.
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Existing studies can be broadly divided into three streams. Rural integrated-energy
planning studies optimize the type and capacity of distributed resources and usually eval-
uate operation only as an inner problem or representative-day check [4-8]. Greenhouse
energy-management studies focus on operational control of lighting, heating, PV, and stor-
age, but normally assume the installed capacities are already given [9-15]. Recent joint
design-operation work has also shown the value of coordinating equipment sizing and
operating decisions for greenhouse heating systems [16,17]. In parallel, load-scheduling
studies for rural distributed generation have demonstrated techno-economic and environ-
mental benefits, but do not impose cumulative crop-growth constraints such as DLI, GDD,
and TDRW [18,19]. Therefore, the literature still lacks a framework that simultaneously
links long-term capacity allocation, crop-constrained agricultural flexibility, and explicit
day-ahead source-load-storage coordination.

A major challenge therefore lies in linking short-term energy scheduling with the
cumulative physiological response of crops. The impacts of lighting and temperature on
crop development are inherently time dependent. Instantaneous light intensity alone cannot
fully characterize the effectiveness of greenhouse illumination [20,21], while instantaneous
temperature cannot adequately represent the accumulated thermal conditions required
for crop growth [22]. Agricultural indicators such as photosynthetically active radiation,
daily light integral, growing degree-day, and daily dry-matter accumulation provide a more
appropriate representation of these physiological requirements [23,24]. By embedding
such indicators into energy optimization constraints, the flexibility of greenhouse loads can
be exploited without sacrificing crop-growth performance [25].

Two gaps are particularly important. First, in many planning models the operational
layer is used mainly to evaluate the feasibility and annual cost of a candidate capacity vector,
rather than to examine how the planned resources should be coordinated hour by hour after
installation [26]. Second, conventional demand-response formulations cannot be directly
applied to greenhouse loads because temporal adjustment of lighting and heating changes
the crop environment and accumulated physiological exposure. A planning scheme can
therefore be economically attractive but operationally underutilize agricultural flexibility,
whereas an operation-only model can implicitly rely on capacities that are not justified by a
long-term planning decision. The present study addresses this planning-operation gap by
passing the optimized equipment capacities explicitly to a separate 24 h scheduling model
and by constraining agricultural flexibility with crop-growth indicators.

Battery energy storage further strengthens the need for coordinated scheduling. Unlike
conventional generators, batteries are governed not only by instantaneous charging and
discharging limits but also by intertemporal state-of-charge constraints. Their operational
value depends on when energy is stored and released. Under time-of-use electricity prices,
batteries can absorb renewable energy or low-cost grid electricity during favorable periods
and discharge during high-price or high-demand periods [27]. When combined with
agricultural-load flexibility, this creates a more complex coordination problem [15]. For
example, greenhouse supplementary lighting may be flexibly regulated within an allowable
physiological range, while storage may compensate for residual load variations [28]. The
interaction between these two flexibility resources may reduce peak-grid demand, improve
photovoltaic utilization [15], and lower operating costs. However, their contributions need
to be quantitatively distinguished through comparative scheduling scenarios rather than
inferred solely from planning results.

To address these gaps, this paper develops a two-stage coordinated planning and
scheduling framework for rural integrated-energy systems considering crop-growth re-
quirements and agricultural-load flexibility. The long-term stage determines equipment
capacities using crop-growth-stage representative days; the day-ahead stage then fixes those
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capacities and optimizes grid exchange, distributed generation, BESS operation, supple-
mentary lighting, and thermal supply. The existing 500 kW PV plant is excluded from the
planning decision because it is a pre-installed asset in the studied village and its investment
is therefore treated as sunk. The methodological contribution is not merely the aggregation
of known components: the framework creates an explicit interface between crop-growth-
aware capacity planning and post-planning operational coordination, and it separates the
operating value of agricultural flexibility from that of battery storage under an identical
planned capacity configuration.
The main contributions and research highlights are summarized as follows:

e A crop-growth-aware planning—scheduling interface is established: representative-day
planning determines equipment capacities, which are then transferred as fixed physical
limits to an independent 24 h day-ahead scheduling problem.

e  Supplementary lighting is modeled as a flexible agricultural load constrained by instan-
taneous PAR and cumulative DLI, GDD, indoor-temperature, and TDRW requirements,
thereby preventing purely economic load adjustment from violating prescribed crop-
growth limits.

e  Agricultural flexibility and BESS flexibility are quantified separately through S1-53
scenarios under the same capacity configuration, allowing their distinct contributions
to operating cost, PV utilization, peak-grid demand, and operational carbon emissions
to be identified.

e A reproducibility-oriented case study reports hourly load/resource data, cost and
emission parameters, PV curtailment, planning-cost decomposition, and sensitivity to
tariff and PV-availability perturbations.

The remainder of the manuscript is organized as follows. Section 2 presents the
physical model, planning objective, day-ahead scheduling formulation, data assumptions,
and solution procedure. Section 3 reports the planning and scheduling results, sensitivity
analysis, comparison with recent studies, and limitations. Section 4 summarizes the main
conclusions and future research directions.

2. Materials and Methods
2.1. Physical Model of the Rural Integrated-Energy System

The overall energy-flow structure of the studied system is illustrated in Figure 1,
with the corresponding configuration also provided in Figure S1 in the Supplementary
Materials. PV generation, the biogas generator, the external grid, and BESS are coupled
through the electrical bus, while the gas boiler supplies the greenhouse thermal demand.
Supplementary lighting acts as a key coupling variable because it simultaneously affects
electrical consumption, crop-light conditions, and the internal heat gain of the greenhouse.

The rural integrated-energy system consists of an external power grid, an existing
agrivoltaic PV system, a biogas generator, a BESS, a gas boiler, greenhouse agricultural
loads, and conventional rural loads. The 500 kW PV plant was already installed before
the planning study; consequently, its investment is sunk and PV capacity is treated as
a fixed parameter rather than a planning decision. The scheduling horizon is divided
into 24 one-hour intervals. The BESS energy capacity used in the scheduling extension is
972 kWh, corresponding to a 2 h duration at the planned 486 kW power rating.

t=12,..24, At=1h (1)
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Figure 1. Configuration of the rural integrated-energy system for coordinated planning and scheduling.

The total agricultural electrical load is expressed as (2), where Pfght and P are the sup-

plementary lighting and irrigation loads, respectively. The actual supplementary-lighting
demand is expressed as (3), where P8 is the baseline lighting demand, and P}* and

Pdown denote upward and downward load regulation. The regulation limits are (4).
PE" =P 4 Py (2)
Piight _ Piight,O + P;lp _ Pglown (3)

{ OSP;JP SIDIIIaXup (4)

d light,0
0 S Pt own S Pt

The total photosynthetically active radiation (PAR) received by the crop is represented
as the sum of natural solar PAR and supplementary-lighting PAR in (5) [29]. The lighting-
induced component is related to electrical lighting power by (6). In the case study, the
aggregate conversion coefficient is set to «p,r = 1.20 pmol-m~2-s~1-kW~L. This coefficient is
a calibrated greenhouse-level surrogate chosen to reproduce the baseline daily light integral;
it should not be interpreted as a fixture-level photon efficacy because the effective PAR at
canopy level depends on lamp technology, spectrum, mounting geometry, and crop canopy
characteristics. The instantaneous PAR bounds in (7) are imposed for the selected pepper

growth stage.
PAR _ JPAR | plight,PAR
RPSR = RS 4 R ®)
light,PAR light
R;® = KparP; " (6)
i PAR
Ry < RPAR < R 7)

The daily light integral (DLI) is defined by (8) and constrained by (9). For the pepper
growth stage, DLI is limited to 10-20 mol-m~2-d~!, while the instantaneous PAR range
is 35-1791 pmol-m~2-s7!, following the crop-growth requirements adopted in [4]. The
gross greenhouse thermal requirement in (10) aggregates envelope/ground heat losses and
ventilation/infiltration losses, minus useful solar gains. In the scheduling extension, these
terms are not re-identified separately; their net effect is calibrated to the representative-day
greenhouse heating profile reported in [4]. This approach avoids introducing unverified
envelope parameters while retaining the hourly thermal-demand trajectory.

3600At &
— PAR
DLI, = — 55 ;_1 RPA (8)
DLI7™ < DLI,, < DLI;™ 9)
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Lh = Qs - gpn (10)
The lighting-derived heat in (11) is represented using an equivalent lighting-to-heat
coefficient x;, = 0.55 kWy, /kW,. This coefficient represents the fraction of electrical lighting
power ultimately released as sensible heat to the greenhouse in the aggregate scheduling
model and is used as a calibrated surrogate rather than a universal lamp property. Green-
house thermal inertia is considered through a first-order temperature-deviation model
around the baseline profile: the next-hour temperature deviation depends on the previous
deviation and on deviations of boiler heat and lighting power from their baseline values.
The calibrated coefficients are a = 0.88, by = 0.012 °C/(kW-h), and b; = 0.0066 °C/(kW-h).
The indoor temperature is therefore dynamically coupled across hours rather than deter-
mined independently. GDD is constrained to 10-20 °C-d, indoor temperature to 10-35 °C,
and TDRW to at least 180 kg-hm~2.d~! for pepper [4]. TDRW is used here as a calibrated
daily biomass proxy; satisfying these indicators does not by itself guarantee realized crop
yield, a limitation discussed in Section 3.8.

ltight = 1, Piight (11)
Tmin < Tt < T (12)
S .Y
GDD,, =) #,(TF")5; (13)
t=1

0, Tj" < Tirse
in base T base in opt
T — Those, Thwse < Tl < T

lpﬂ(Tin) = ;;:__;%; (T‘Zpt _ T}b{ase)[’]"zpt < Tén < T’Tux (14)
0, Ti" > Ty
GDD;;"" < GDD,, < GDD;™ (15)
TDRWH = g,,DLIVl (16)
TDRWII > TDRWZ“”

The electrical power balance of the rural integrated-energy system is (17) and part
of this thermal requirement can be supplied by the heat released from supplementary
lighting. Therefore, the greenhouse thermal balance is expressed as (18), while the external-
grid power is constrained by (19). The utilized PV output satisfies (20) and the curtailed
PV power is (21). The biogas-generator output is constrained by (22) while its ramping
capability is described by (23).

P 4 PPV 4 PBG 4 pdis — [base 4 p8r | pch (17)
HE® 4+ Q" = L (18)
id
0 < PF™ < Py (19)
0<PV<DPV (20)
P = PPV — PPV (21)
0 < PPS < Cappht (22)
—RE™ < PPC = PG < Ry, (23)

The gas-boiler output satisfies (24) and the BESS charging and discharging powers
satisfy (25), while simultaneous charging and discharging are prohibited by (26).

0 < HfB < Cap (24)
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h h pch
0 < P5h < usPh, (25)
0 < P < u*Ps,
ush 4+ udis < 1 (26)

The battery energy state evolves according to (27) and the stored energy satisfies
(28). The state of charge is (29) and the terminal energy state is constrained as (30), which
ensures that the scheduling benefit is not obtained by simply depleting the battery at the
end of the scheduling horizon.

The BESS representation separates long-term capacity cost from short-term cycling
cost. In planning, BESS investment and annual maintenance are charged through the
annualized capacity terms. In day-ahead scheduling, an additional equivalent degradation
cost of 0.03 CNY-kWh~! of charge-plus-discharge throughput is applied to discourage
unnecessary cycling. This linear throughput cost is a computationally tractable proxy for
cycle aging; detailed dependence on depth of discharge, temperature, and cycle history is
not modeled.

PdisAt
E; = E;_y + e, PhAE — — (27)
Mais
Emin < Et < [Emax (28)
E;
minSOCt y W max (29)
SOC™" < SOC, < SOC

Exy =E (30)

2.2. Planning Objective Function

The long-term planning decision vector is defined in (31) and the capacity limits
in (32). The planning objective minimizes the equivalent annual cost in (33), including
annualized investment, annual maintenance, and annual operating cost. The planning
horizon is 15 years, the fixed-asset residual rate is 5%, and the discount rate is 8%, consistent
with the validated planning case in [4]. The unit investment costs are 500 CNY/kW for
the biogas generator, 1446 CNY/kW for the BESS, and 672 CNY/kW for the gas boiler;
the corresponding annual maintenance coefficients are 10, 10, and 20 CNY-kW~!.year~!,
respectively [4]. The capital recovery factor is calculated by (35).

0 < Cap, < Cap}"™,i € O (32)
minFP! = Finv 4 pmain 4 pope (33)
FinV = Z CRFiCiCapl, (34)
ieQP!
141"
CRF, = [0 *D )
Q1+r'-1

The annual operating cost in (37) is obtained by weighting representative-day operating
costs by the number of calendar days in the corresponding crop-growth stage. Eight
representative stages are used, with weights Ds = {9, 65, 66, 8, 102, 7, 48, 60} days for pepper
germination, pepper growth stage 1, pepper growth stage 2, tomato germination, tomato
growth, cucumber germination, cucumber growth stage 1, and cucumber growth stage 2,
respectively; the weights sum to 365 days. This crop-growth-stage weighting is the key
difference from the conventional seasonal benchmark, which selects representative days by
season rather than by crop physiological stage.

[main _ Z ngnaincapi (36)

ieQP!
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Fope = %" DS (37)
seS
™ = minf (P, ) (38)
g(x*, x') =0
o) =6 (39)

After the planning problem is solved, the optimal equipment capacities are fixed and
transferred to the day-ahead scheduling stage:

Cap, = Cap{™ (40)

This planning-operation linkage ensures that short-term scheduling is conducted
within the physical boundaries determined by long-term capacity allocation.

2.3. Day-Ahead Scheduling Objective Function

With the planned capacities fixed, the day-ahead scheduling problem minimizes the
total operating cost:
minFsh = perid 4 pBG 4 pGB 4 DR 4 pBT (41)

The grid-purchasing, biogas-generation, gas-boiler, agricultural-regulation, and BESS-
throughput costs are given by (42)—(46). The operating coefficients used in the case study are
0.48 CNY-kWh~! for biogas generation, 0.32 CNY-kWh~! for the gas boiler, 0.05 CNY-kWh~!
for lighting regulation, and 0.03 CNY-kWh~! for BESS throughput [30,31]. Carbon emis-
sions are not included in the scheduling objective; they are calculated after optimization
as a performance indicator. A single economic objective is retained to avoid introducing
subjective weighting coefficients between cost, peak demand, and emissions and to make
the separate effects of agricultural flexibility and BESS easier to interpret. Peak-grid power
and carbon emissions are therefore reported ex post.

24
perid _ CtgridpfridAt (42)
24
i = 3" ccpicny (43)
=1
24
FGB — Z CBHGBAY (44)
=1
24
FDR _ Z CPR(PYP 4 pdown)A¢ (45)
=1
24 '
BT — Z cBT(Psh 4 Pdis)At (46)
=1
Ci™ = AgraP PUAL + ApPPOAE + AgHEPAL (47)

The total daily operational carbon emission is calculated by (48) [32-34]. The case-
study emission factors are 0.57 kg CO,-kWh~! for grid electricity, 0.10 kg CO,-kWh~!
for biogas generation, and 0.20 kg CO,-kWhoo™! for gas-boiler heat. These factors are
used as direct operational accounting coefficients for scenario comparison; upstream fuel
production, equipment manufacturing, construction, and other life-cycle emissions are
not included. Hence, the reported values should be interpreted as operational rather than

life-cycle carbon emissions.
24

Cdy =% cm (48)

t=1
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The complete coordinated scheduling problem is compactly expressed as (49), where
Oenergy Tepresents the electrical and thermal balance constraints and operating limits of
distributed energy resources, ()ppgg represents the intertemporal battery constraints, and
(),g;; denotes the feasible agricultural flexibility region determined by PAR, DLI, greenhouse
temperature, GDD, and TDRW requirements.

For reproducibility, PV utilization is defined as the ratio of total utilized PV energy
to total available PV energy over the 24 h horizon. Curtailed PV energy is defined as
the time integral of the difference between available and utilized PV power. Because no
load-shedding variable is included and hourly electrical/thermal balance is enforced, the
deterministic scenarios have zero unserved energy whenever the optimization is feasible.

xsch (49 )

{ minFsch
h
X e Qenergy N QBESS N Qagri

The proposed formulation links long-term distributed energy planning with short-
term source-load-storage scheduling. Agricultural-load flexibility is utilized only within
the physiologically feasible crop-growth region, while battery storage provides additional
intertemporal flexibility for reducing grid dependence, supporting potential peak-demand
management, and improving renewable-energy utilization.

2.4. Solution Procedure and Reproducibility

The long-term model retains the bilevel solution structure of the validated planning
framework [4]: particle swarm optimization searches the upper-level capacity vector, and
Gurobi solves the lower-level operational problem for each candidate. The new 24 h schedul-
ing extension is formulated as a mixed-integer linear program because charging and dis-
charging mode variables are binary and all remaining relations are linear or linearized. The
scheduling model is implemented in MATLAB/YALMIP and solved with Gurobi 10.0.1. The
relative MIP optimality tolerance is 10~%; all three 51-S3 scheduling cases reached an optimal
solution. The computational procedure is: (i) read capacities and representative-day data;
(ii) construct energy, BESS, and crop-growth constraints; (iii) solve the selected scenario;
(iv) calculate cost, PV utilization, peak demand, carbon emissions, and crop indicators;
and (v) compare scenarios under identical planned capacities.For clarity, the main vari-
ables, parameters, and their units used in the mathematical formulation are summarized in

Appendix B.

3. Results and Discussion
3.1. Case Description and Parameter Settings

The proposed framework is evaluated on a rural integrated-energy system containing
the grid, an existing 500 kW agrivoltaic PV plant, a biogas generator, BESS, gas boiler, con-
ventional rural electrical load, and greenhouse loads. Table 1 summarizes the parameters
used to reproduce the case study, while the detailed system scheduling parameters are
also provided in Table S1 in the Supplementary Materials. Parameters inherited from the
validated rural planning case [4] are distinguished from scheduling-extension assump-
tions in the accompanying source note. The transformer limit is 900 kW. The planned
capacities subsequently used in all scheduling cases are 172 kW for the biogas generator,
486 kW /972 kWh for the BESS, and 1090 kW for the gas boiler.
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Table 1. System, economic, emission, and scheduling parameters.

Parameter Value
Transformer capacity (kW) 900
PV-installed capacity (kW) 500
Biogas-generator capacity (kW) 172
BESS power capacity (kW) 486
Gas-boiler capacity (kW) 1090
Initial SOC (%) 50
Minimum SOC (%) 20
Maximum SOC (%) 90
Charging efficiency 0.95
Discharging efficiency 0.95
Valley electricity price (CNY-kWh~1) 0.35
Flat electricity price (CNY-kWh~1) 0.62
Peak electricity price (CNY-kWh~!) 1.05
DLI range (mol-m~2.d~1) 10-20
GDD range (°C-d) 10-20
Minimum TDRW (kg-hm—2.d~1) 180
PAR range (pmol-m=2.s71) 35-1791
Greenhouse temperature range (°C) 10-35
BESS energy capacity (kWh) 972
Biogas ramp limit (kW-h=1) 60
Biogas-generation cost (CNY-kWh™1!) 0.48
Gas-boiler operating cost (CNY-kWhoo 1) 0.32
Lighting-regulation cost (CNY-kWh1) 0.05
BESS degradation/throughput cost 0.03
(CNY-kWh™1) ’
Biogas unit investment cost (CNY-kW™1) 500
BESS unit investment cost (CNY-kW1) 1446
Gas-boiler unit investment cost (CNY-kW~!) 672
Biogas annual maintenance (CNY-kW~!.year!) 10
BESS annual maintenance (CNY-kW~!.year~!) 10
Gas-boiler annual maintenance 20
(CNY-kW-l.year—1)
Planning horizon (year) 15
Discount rate (%) 8
Residual value rate (%) 5
PAR conversion coefficient kpar 1.20
(pmol-m—2.sL.kW1) :
Lighting-to-heat coefficient «;, (kWy,/kW,) 0.55
Thermal-inertia coefficient a 0.88
Thermal coefficient by; [°C/(kW-h)] 0.012
Thermal coefficient by [°C/(kW-h)] 0.0066
Grid emission factor (kg CO,-kWh™!) 0.57
Biogas emission factor (kg CO,-kWh™!) 0.10
Gas-boiler emission factor (kg CO,-kWhoo™!) 0.20

Source note: transformer/PV capacities, planned device capacities, crop-growth ranges,
investment/maintenance parameters, and the planning horizon follow the validated case
in [4]. The TOU tariff, BESS energy duration and SOC limits, operating/degradation costs,
aggregate PAR conversion, thermal-inertia coefficients, and operational emission factors
are explicit assumptions of the day-ahead scheduling extension.

The 24 h scheduling illustration uses the second representative day, corresponding
to the pepper growth stage, because this stage simultaneously activates supplementary
lighting, irrigation, and greenhouse heating and therefore exposes the strongest electricity—
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heat-crop coupling. The scheduling interval is 1 h. The BESS initial SOC is 50%, with
lower /upper bounds of 20% and 90%, charging/discharging efficiencies of 95%, and terminal
SOC fixed to its initial value. The complete 24 h input profiles for conventional electrical
load, supplementary lighting, irrigation, heating, and available PV power are reported
in Appendix A. The pepper-day result is used to demonstrate the day-ahead mechanism,
whereas the annual planning stage uses all eight crop-growth-stage representative days
described in Section 2.2.

Three scheduling scenarios are considered. In S1, agricultural loads follow their
baseline profiles and the BESS is disabled. In S2, supplementary lighting is treated as a
flexible agricultural load, while BESS operation remains disabled. In S3, both agricultural
flexible loads and the BESS participate in coordinated scheduling. The three scenarios are
therefore used to progressively evaluate the benefits of conventional operation, agricultural
demand flexibility, and source-load-storage coordination.

3.2. Planning Results and Capacity Configuration

To demonstrate the planning contribution, the proposed crop-growth-stage representative-day
method is compared with a conventional seasonal planning benchmark. Both cases use
the same candidate equipment set, investment/maintenance parameters, capacity limits,
and lower-level energy-balance constraints. The difference is scenario construction: the
conventional case uses seasonal representative days, whereas the proposed case uses repre-
sentative days aligned with crop physiological stages and their 365-day weights. Thus, the
planning comparison isolates the effect of crop-growth-aware scenario selection rather than
changing the equipment technology set.

Compared with conventional planning, the proposed method reduces the required
capacities of the biogas generator and gas boiler from 298 kW and 1180 kW to 172 kW and
1090 kW, respectively, while increasing the BESS power capacity from 289 kW to 486 kW.
This capacity redistribution indicates that part of the conventional dispatchable-generation
requirement is replaced by greater storage flexibility.

The annual planning cost decreases from 23.08 x 10° CNY under conventional planning
to 21.00 x 10° CNY under the proposed strategy, a reduction of 9.01%. Table 2 now decom-
poses this total into annualized investment, annual maintenance, and annual operating cost.
The proposed plan increases annualized investment slightly because it installs more BESS
power, but this is more than offset by lower annual operating cost; therefore, operating-cost
reduction is the dominant source of the net planning benefit.

Table 2. Comparison of planning results.

Indicator Conventional Planning Proposed Planning
Biogas-generator capacity (kW) 298 172
BESS power capacity (kW) 289 486
Gas-boiler capacity (kW) 1180 1090
Annualized investment cost (x10° CNY) 1.51 1.69
Annual maintenance cost (x10° CNY) 0.29 0.28
Annual operating cost (x10° CNY) 21.28 19.03
Total annual planning cost (x10° CNY) 23.08 21.00
Planning-cost reduction relative to 0.00 9.01

conventional planning (%)

The optimized capacities of 172 kW for the biogas generator, 486 kW for the BESS, and
1090 kW for the gas boiler are subsequently fixed as the equipment limits in the day-ahead
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scheduling model. In this manner, the planning and scheduling stages are explicitly linked:
the planning stage determines the available resource boundaries, whereas the scheduling
stage evaluates how the planned resources are coordinated during actual operation.

This planning-operation linkage is essential to the proposed framework because the
following 51-53 comparison is performed under the capacity configuration determined by
the planning stage rather than under arbitrarily selected equipment capacities.

3.3. Electrical Power Scheduling Characteristics

Figure 2 presents the 24-h electrical power dispatch result under S3, and the corre-
sponding result is also provided in Figure S2 in the Supplementary Materials. The external
grid, PV generation, biogas generation, and BESS jointly satisfy the time-varying electrical
demand. A pronounced temporal complementarity can be observed among these resources.

Scenario S3: 24-h Electrical Power Dispatch
500 T T T T T T T

400

300

200

2
2
§ 100
5
o
0
-100
-200 - 7
I Grid purchase [ BESS discharge
I v [N BESS charge
[ Biogas —e— Total electrical load
—300 L1 [ | = | 1 | il 1 1 |
1 3 5 7 9 1" 13 15 17 19 21 23

Time (h)
Figure 2. 24 h electrical power dispatch under Scenario S3.

During the early-morning period, PV generation is unavailable and the electrical
demand is mainly supplied by the external grid. From approximately 8:00 onward, PV
generation gradually becomes the dominant power source. Around noon, PV generation
exceeds the instantaneous load requirement. Instead of curtailing this surplus renewable
generation, the BESS absorbs part of the available PV energy through charging. In particular,
relatively high charging power can be observed around 12:00-16:00, corresponding to the
period of abundant solar generation.

During the evening period, PV generation rapidly decreases, while agricultural and
conventional loads remain considerable. The BESS therefore switches to discharging mode
and supplies part of the demand, together with the biogas generator, thereby reducing
the dependence on external-grid electricity. These results demonstrate that the proposed
scheduling model enables an explicit temporal coordination among renewable generation,
flexible agricultural demand, and storage operation.

It should be noted that battery charging power is plotted as a negative value in Figure 2,
whereas generation and battery discharging are shown as positive values. This representa-
tion directly illustrates the charging and discharging states of the BESS and facilitates the
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interpretation of system-level electrical power balance. Additional electrical scheduling
results are provided in Figure S1 in the Supplementary Materials.

3.4. BESS Charging /Discharging and SOC Evolution

The detailed BESS operation is shown in Figure 3, with the corresponding BESS power
and SOC results also provided in Figure S3 in the Supplementary Materials. The battery
SOC starts from 50% and remains within the prescribed interval of 20-90% throughout the
scheduling horizon. The battery discharges during several periods with relatively high net
load and subsequently absorbs surplus PV energy during the daytime.

200 Soenan\o S3: BES‘S Charging/Discharging and S?C
< T

150 -SOC max

100
50 I
. [ [

50

BESS power (kW)

[ Discharge
arge

socmin /

J 1
1 3 5 7 9 1 13 15 17 19 21 23
Time (h)

-300

Figure 3. BESS charging/discharging power and SOC trajectory under Scenario S3.

From 8:00 to 9:00, battery discharging causes the SOC to decrease from approximately
50% to its lower limit of 20%. During the high-PV period from approximately 12:00 to 16:00,
the battery is charged and the SOC gradually increases to approximately 90%. During
the evening load period, the stored energy is released again, causing the SOC to decrease.
Finally, the SOC returns to 50% at the end of the scheduling horizon, satisfying the terminal
energy constraint.

The SOC trajectory indicates that the economic benefit of the BESS is achieved through
intertemporal energy transfer rather than net energy depletion. In addition, no simultaneous
charging and discharging occurs, demonstrating that the mutually exclusive operating
constraints are correctly enforced.

Operation at the 20% and 90% SOC bounds is economically optimal for the present
deterministic price/PV profile because the model exploits the full usable energy window
when it creates net operating-cost savings. However, frequent operation near SOC extremes
can accelerate battery aging in practice. The throughput-based degradation term in (46) par-
tially internalizes cycling cost, but it does not capture the nonlinear dependence of aging on
SOC, depth of discharge, temperature, and cycle history. This is therefore treated as a model
limitation rather than evidence that persistent boundary operation is universally desirable.

The BESS mainly performs two functions in the proposed system. First, it absorbs
renewable electricity during high-PV periods and improves local PV accommodation. Sec-
ond, it transfers stored energy to subsequent high-demand periods, thereby reducing the
amount of expensive external electricity that must be purchased.

3.5. Agricultural Flexible-Load Regulation

The supplementary lighting profiles under the three scenarios are compared in Figure 4,
together with the TOU electricity price; the corresponding lighting comparison is also
provided in Figure 54 in the Supplementary Materials. A clear difference can be observed
between the fixed-load case S1 and the flexible-load cases S2 and S3.
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Supplementary nghupg Scheduling under Three Scenarios
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Figure 4. Flexible regulation of supplementary lighting under the three scenarios and corresponding
TOU electricity price.

Under S1, supplementary lighting follows the baseline agricultural demand profile and
does not respond to electricity prices or renewable generation. In contrast, S2 and S3 allow
the lighting demand to be temporally redistributed within the feasible crop-growth region.
Consequently, the supplementary-lighting demand is adaptively adjusted in response to
electricity prices and renewable-energy availability while satisfying the prescribed crop-
growth constraints.

The results also indicate that the optimized lighting profiles of S2 and S3 are relatively
similar. This is expected because the agricultural growth constraints determine the feasible
redistribution range of the lighting load, whereas the BESS mainly provides energy-side
flexibility. Therefore, the addition of BESS in S3 does not necessarily produce a substantial
further change in the crop-light schedule after the available agricultural-load flexibility has
already been utilized in S2.

The optimization results show that the lighting-regulation amount reaches approxi-
mately 908.98 kWh-day~! in both flexible scheduling scenarios. Nevertheless, the load
redistribution does not violate the crop-growth constraints. The DLI decreases from
16.09 mol/(m?-d) in S1 to approximately 12.86 mol/(m?-d) in S2 and S3, which remains
within the allowable range of 10-20 mol/(m?-d). The corresponding GDD is approximately
12.96 °C-d, also satisfying its admissible range.

The TDRW value decreases from approximately 225.21 kg/(hm?.d) in S1 to
180.00 kg/(hm?-d) in S2 and S3. This result indicates that the optimization fully exploits the
available agricultural flexibility and drives the crop-growth state close to the lower feasible
boundary. Therefore, although the current results demonstrate mathematical feasibility, an
additional agricultural safety margin can be introduced in practical applications to avoid
operating the greenhouse continuously at the biological lower limit.

3.6. Thermal Scheduling and Greenhouse Temperature

Figure 5 shows the thermal scheduling result under S3, with the corresponding thermal
scheduling and greenhouse-temperature results also provided in Figure S5 in the Supple-
mentary Materials. The total greenhouse thermal requirement is jointly satisfied by the
gas boiler and the thermal contribution of supplementary lighting. The indoor greenhouse
temperature varies between approximately 18 °C and 29 °C and remains well within the
permitted temperature range of 10-35 °C over the entire day.
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Scenario $3: Thermal Scheduling and Greenhouse Temperature
T
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Figure 5. Thermal scheduling and greenhouse temperature under Scenario S3.

A close coupling can be observed between supplementary lighting and gas-boiler
output. When the supplementary-lighting power is relatively high, the corresponding
lighting heat contribution increases and part of the greenhouse thermal requirement can be
supplied indirectly through lighting heat. Conversely, when lighting demand is reduced by
the agricultural demand-response strategy, the gas boiler must provide a larger share of the
required heat.

This behavior confirms that agricultural-load scheduling cannot be treated as an inde-
pendent electrical demand-response problem. Changes in lighting power simultaneously
affect electrical load, greenhouse internal heat gain, indoor temperature, and crop thermal
accumulation. The coordinated scheduling framework therefore captures the interaction
among the electrical, thermal, and agricultural subsystems.

The thermal-demand profile used in the scheduling extension is reconstructed from
the representative-day operating conditions. Therefore, the result should be interpreted as a
calibrated scheduling profile rather than a direct measurement of greenhouse heat demand.

The thermal profile is reconstructed from the validated representative-day heat demand
in [4]. Envelope conduction, ground exchange, ventilation/infiltration, and solar gains
are therefore represented through the calibrated net heat requirement rather than through
separately identified building-physics coefficients. This choice is adequate for evaluating
energy scheduling around the validated baseline but limits the model’s transferability to
greenhouses with different envelope properties.

3.7. Comprehensive Performance Comparison

The comprehensive performance of the three scenarios is compared in Figure 6 and
Table 3, with the corresponding graphical comparison and scenario comparison provided
in Figure 56 and Table S2 in the Supplementary Materials, respectively. The main indicators
are daily operating cost, peak-grid power, grid electricity, PV utilization, curtailed PV energy,
BESS throughput, operational carbon emissions, and crop-growth indicators.

As shown in Figure 6a, the daily operating cost decreases progressively from S1
to S3. The operating costs of S1, S2, and S3 are approximately 5657.94, 5132.66, and
4830.43 CNY/day, respectively. Compared with 51, agricultural flexible-load scheduling
in S2 reduces the operating cost by approximately 9.28%. After introducing coordinated
BESS operation in S3, the cost reduction increases to approximately 14.63%. This demon-
strates that agricultural demand flexibility and battery storage provide complementary
economic benefits.
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Figure 6. Comprehensive performance comparison among S1-S3: (a) daily operating cost;
(b) peak-grid power; (c) PV utilization rate; and (d) operational carbon emission.

Table 3. Comparison of scheduling results under three scenarios.

Indicator S1 S2 S3

Daily operating cost (CNY-day ) 5657.94 5132.66 4830.43

Cost reduction relative to S1 (%) 0.00 9.28 14.63
Peak-grid power (kW) 329.25 304.91 329.25

Peak reduction relative to S1 (%) 0.00 7.39 0.00
Grid electricity (kWh-day™!) 4102.11 2826.86 2704.99

PV utilization rate (%) 56.54 71.10 90.59
Operational carbon emission (kg CO,-day~!) 4584.72 3939.31 3817.39
Lighting-regulation amount (kWh-day ') 0.00 908.98 908.98
BESS throughput (kWh-day ') 0.00 0.00 1362.59

DLI (mol'm~2-day~!) 16.09 12.86 12.86

GDD (°C-day) 12.96 12.96 12.96
TDRW (kg-hm=2-day—1) 22521 180.00 180.00
Curtailed PV energy (kWh-day~1) 1597.16 1062.08 345.82

For the peak-grid power shown in Figure 6b and Figure S2 achieves the lowest value,
decreasing from 329.25 kW in S1 to 304.91 kW, corresponding to a peak reduction of ap-
proximately 7.39%. This indicates that agricultural flexible-load scheduling can effectively
reshape the demand profile and alleviate the maximum power drawn from the external grid.
In contrast, the peak-grid power in S3 increases to 329.25 kW, which is nearly identical to
that of S1. This result is mainly attributed to the current scheduling objective, which focuses
on operating-cost reduction and renewable-energy utilization without explicitly penalizing
the maximum-grid-import power. Therefore, the BESS in S3 is dispatched primarily for
energy arbitrage and PV accommodation rather than dedicated peak shaving.

Figure 6¢ shows a pronounced improvement in PV utilization, defined as the ratio
of utilized PV energy to total available PV energy over the 24 h horizon. The utilization
rate increases from 56.54% in S1 to 71.10% in S2 and 90.59% in S3. With 3675 kWh-day !
of available PV energy, the corresponding curtailed PV energy is 1597.16, 1062.08, and
345.82 1<Wh~day‘1 for S1, S2, and S3, respectively. The improvement from S1 to S2 comes
from flexible agricultural demand, while the further increase in S3 is due to BESS absorption
of otherwise-curtailed solar energy.

The environmental indicator shows the same overall trend. Daily operational carbon
emissions decrease from 4584.72 kg CO,-day~! in S1 to 3939.31 kg CO,-day~! in S2 and
3817.39 kg CO,-day~! in S3, corresponding to a 16.74% reduction from S1 to S3. These values
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use the direct operational emission factors listed in Table 1 and exclude upstream/life-cycle
emissions.

Unlike the other indicators, the peak-grid-power result does not decrease monotonically
from S1 to S3. The peak-grid powers of 51, 52, and S3 are 329.25, 304.91, and 329.25 kW,
respectively. Thus, S2 achieves a peak reduction of 7.39%, whereas S3 does not further
reduce the maximum-grid demand.

This phenomenon is caused by the current scheduling objective, which prioritizes
operating cost, renewable-energy utilization, and energy shifting but does not explicitly
penalize the maximum-grid-import power. Consequently, the BESS in S3 is economically
dispatched according to electricity prices and PV availability rather than being forced to
minimize the daily peak-grid demand. This result does not indicate an infeasible BESS
schedule; instead, it reveals a tradeoff between economic dispatch and explicit peak shaving.
If peak-load reduction is regarded as an additional scheduling objective, a peak-demand
penalty or maximum-grid-power constraint can be incorporated into the objective function.

The numerical comparison in Table 3 further confirms that the agricultural flexible load
provides a substantial portion of the economic benefit even without battery participation.
The transition from S1 to S2 simultaneously reduces operating cost, increases PV utilization,
decreases peak-grid demand, and lowers carbon emissions. The introduction of BESS in
S3 provides additional economic and renewable-energy benefits, although the current
formulation does not explicitly improve peak shaving.

Overall, the results demonstrate that agricultural flexible loads and energy storage
contribute through different mechanisms. Agricultural-load scheduling reshapes the tem-
poral distribution of demand while satisfying crop-growth requirements, whereas the
BESS transfers electrical energy across time and absorbs surplus renewable generation.
Their coordinated operation reduces daily operating cost from 5657.94 to 4830.43 CNY/day,
increases PV utilization from 56.54% to 90.59%, and decreases daily operational carbon
emissions from 4584.72 to 3817.39 kg CO,/day. These results validate the effectiveness of
linking long-term equipment planning with short-term source-load-storage scheduling in
rural integrated-energy systems.

3.8. Sensitivity Analysis, Comparison with Recent Literature, and Limitations

A one-at-a-time sensitivity test was performed for S3 by perturbing the TOU tariff level
and available PV profile by £20% while retaining all other parameters. Because all TOU
blocks are uniformly scaled, the relative price ordering is unchanged; the dispatch pattern
therefore remains the same and operating cost changes approximately proportionally. PV
availability has a stronger operational effect: a 20% reduction raises peak-grid import by
about 40.7% and operational carbon emissions by about 5.6%, whereas a 20% increase
lowers carbon emissions by about 2.5% but also reduces the utilization ratio because more
solar energy becomes available than the load/BESS can absorb. The detailed sensitivity
results are summarized in Table 4.These results confirm that the value of the coordinated
schedule depends more strongly on renewable availability than on a uniform rescaling of
the tariff.

Table 4. Local sensitivity of S3 to TOU tariff and PV-availability perturbations.

Perturbation

Operating-Cost Peak-Grid Change PV Utilization (%) Carbon Change (%)

Change (%) (%)
TOU tariff —20% -3.02 0.00 90.59 0.00
TOU tariff +20% +3.02 0.00 90.59 0.00
PV availability —20% +2.89 +40.72 100.00 +5.60
PV availability +20% —1.28 —-0.61 79.40 —2.47
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The planning-side sensitivity to endogenous PV expansion is not evaluated because PV
is a pre-existing sunk asset in the studied village. Likewise, a full re-optimization of capacity
under battery-capital-cost uncertainty would require repeating the annual bilevel planning
study. To keep the revision transparent, we do not infer uncomputed capacity changes;
instead, this limitation is stated explicitly and identified as a priority for future work.

The present findings are consistent with, but not directly numerically comparable to,
recent studies because system boundaries and objectives differ. Lin et al. [13] reported
6.98% cost reduction from greenhouse operational optimization and 43.50% reduction in
total cost under a different hierarchical PV-battery objective. Kushwaha et al. [19] reported
a 13.10% reduction in cost of energy and 28.13% reduction in carbon emissions for a rural
autonomous distributed-generation system using load scheduling. Ajagekar et al. [16]
demonstrated demand-response benefits for networked PV-battery greenhouses using
multi-agent reinforcement learning, while Mohebi and Roshandel [18] showed that joint
design-operation optimization of greenhouse heating can reduce CO, emissions by 22.4%. In
contrast, the present study reports a 9.01% planning-cost reduction and a 14.63% day-ahead
operating-cost reduction while explicitly enforcing cumulative crop-growth constraints and
passing planned capacities into the scheduling stage.

The evaluation therefore spans technical indicators (peak-grid power, PV utilization,
curtailment, BESS throughput), economic indicators (annual planning cost and daily op-
erating cost), environmental indicators (direct operational CO, emissions), and an agro-
nomic/social-acceptability proxy (maintenance of prescribed crop-growth constraints with-
out involuntary load shedding). A full social assessment—such as employment, farmer
acceptance, comfort preference, or distributional impacts—is not quantified because no
field survey or socioeconomic dataset is available for the case study.

The principal limitations are: (i) the day-ahead demonstration uses one pepper repre-
sentative day and deterministic forecasts; different crop stages and weather conditions can
change the operating value of PV, BESS, and lighting flexibility; (ii) kpag, lighting heat gain,
and thermal inertia are calibrated aggregate surrogates rather than fixture- and greenhouse-
specific identified parameters; (iii) PAR, DLI, GDD, temperature, and TDRW are physiological
proxies and cannot guarantee realized yield under pests, nutrients, CO,, humidity, and other
agronomic factors; (iv) the BESS degradation model is linear; (v) upstream/life-cycle emis-
sions and broader social indicators are excluded; and (vi) probabilistic reliability indices such
as LOLE, EENS, SAIDI, and SAIFI are not computed because outage states are not modeled.
Hourly power balance enforces zero deterministic unserved energy in all feasible scenarios,
but a dedicated reliability study requires component-outage and uncertainty models.

4. Conclusions

This study establishes a crop-growth-constrained planning—scheduling framework for
a rural integrated-energy system. The main conclusions are:

(1) The crop-growth-stage planning method changes the capacity mix toward greater
storage flexibility and reduces total annual planning cost from 23.08 x 10° to 21.00 x 10° CNY
(9.01%). The cost decomposition shows that the main benefit comes from lower annual
operating cost rather than lower investment expenditure.

(2) Under the planned capacities, flexible agricultural-load regulation alone reduces
day-ahead operating cost by 9.28%. Coordinating the same agricultural flexibility with BESS
operation increases the reduction to 14.63%, raises PV utilization from 56.54% to 90.59%,
lowers curtailed PV energy to 345.82 kWh-day~!, and reduces direct operational carbon
emissions by 16.74%. S3 does not further reduce peak-grid power because peak demand is
not included in the economic objective.
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(3) The case demonstrates that crop-growth constraints can bound economic flexibility,
but the results should not be interpreted as a direct yield guarantee or as evidence of
robustness across all seasons. Future work will extend the scheduling study to multiple
crop stages and stochastic weather, introduce nonlinear BESS aging and explicit peak/carbon
objectives, identify greenhouse-specific PAR/thermal parameters, and add probabilistic
reliability and socioeconomic assessments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/pr14213531/s1: Figure S1: Configuration of the rural integrated-energy system for coordinated
planning and scheduling; Figure S2: 24 h electrical power dispatch under Scenario S3; Figure S3: BESS
Power SOC S3; Figure S4: Lighting Comparison S1-S3; Figure S5: Thermal Scheduling Temperature
S3; Figure S6: Comprehensive Performance S1-53; Table S1: System Scheduling Parameters; Table S2:
Scenario Comparison.
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Abbreviations

The following abbreviations are used in this manuscript:

PAR photosynthetically active radiation

DLI daily light integral; GDD, growing degree-day
TDRW total daily dry-weight accumulation

BESS battery energy storage system; SOC, state of charge
TOU time-of-use; PV, photovoltaic

Appendix A. Representative-Day Load and Resource Data

Table A1 reports the complete hourly input profiles used for the pepper-day schedul-
ing study. Lighting, irrigation, and heating profiles are transcribed from the validated
representative-day data in [4]. The conventional rural electrical load and available PV
profile are reconstructed scheduling inputs because exact hourly numerical values were not
tabulated in the source study.

Table Al. Hourly input data for the representative pepper day.

Hour Base Load (kW)  Lighting (kW)  Irrigation (kW) Heating (kWy,) PV Avail. (kW)
1 145 159 0.249 473.7 0
2 150 159 0.249 491.0 0
3 160 159 0.249 501.6 0
4 155 159 0.249 511.2 0
5 160 159 0.249 536.0 0
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Table A1. Cont.

Hour Base Load (kW)  Lighting (kW)  Irrigation (kW) Heating (kWy,) PV Avail. (kW)
6 170 159 0.249 542.3 0
7 180 159 0.249 547.9 10
8 188 159 0.249 544.3 55
9 196 145 0.233 551.8 130
10 202 99 0.181 547.1 230
11 210 50 0.127 430.6 330
12 178 12 0.084 419.6 410
13 155 0 0.076 409.8 470
14 132 0 0.079 353.7 500
15 125 0 0.073 346.8 470
16 142 56 0.133 352.8 410
17 160 92 0.174 381.2 320
18 175 129 0.215 396.5 210
19 185 155 0.245 422.2 100
20 190 159 0.249 420.0 30
21 185 159 0.249 414.4 0
22 178 159 0.249 405.6 0
23 172 159 0.249 426.2 0
24 165 159 0.249 462.3 0
Appendix B. Main Symbols and Units
For clarity, the principal variables and parameters used in the equations are summa-
rized below; crop-specific bounds and numerical values are given in Table 1 and the text.
Table A2. Main symbols and uni ts.
Symbol Definition Unit
t hourly scheduling index h
Puig grid-import power kW
Ppy utilized photovoltaic power kW
Ppe biogas-generator electrical power kW
Hgp gas-boiler thermal power kW,
Piigit supplementary-lighting electrical power kW
P, irrigation electrical power kW
Py, Py BESS charging/discharging power kW
E, SOC BESS stored energy/state of charge kWh/p.u.
Rpar photosynthetically active radiation pmol-m=2.571
DLI daily light integral mol-m=2.d-!
GDD growing degree-day °C.d
T, greenhouse indoor temperature °C
TDRW total daily dry-weight accumulation proxy kg-hm=2.d7!
Cap; installed capacity of equipment i kW
Corid time-of-use grid tariff CNY-kWh!
Henr Nass BESS charge/discharge efficiencies p-u.
Agrias Mscr Acs operational emission factors kg CO,-kWh-!
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