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Comprehensive benefit assessment and optimization of the “swine-biogas-fruit-
electricity” ecological farm
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Abstract: In recent years, ecological farm development has emerged as a key focus in China’s pursuit of sustainable agricultural
practice. Among various innovative modes, the “swine-biogas-fruit-electricity” system has gained attention as an integrated ecologic-
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al recycling system, combining livestock breeding, biogas production, fruit cultivation, and renewable energy generation. This mode
has been actively promoted in several regions as part of China’s green transition strategy. This study evaluates the comprehensive be-
nefits of the “swine-biogas-fruit-electricity” ecological farming mode from the perspectives of carbon emission reduction, economic
performance, and dietary nutrient supply, using a case study from Rugao City, Jiangsu Province. Key indicators such as greenhouse
gas emissions, production costs, profits, and nutrient supply were quantified. A multi-objective optimization model for the ecological
farm’s production structure is constructed using the non-dominated sorting genetic algorithm to propose sustainable development
solutions for ecological farming modes. The analysis focuses on the cost-to-profit ratio and overall profitability of the farm. This
study also examines the system’s contribution to the nutrient supply level of local populations, a crucial indicator of food security and
rural welfare. Using a case study from Rugao City, Jiangsu Province, this study further explores the comprehensive benefits and sus-
tainable optimization strategies of the mode. Compared with conventional farm, ecological farm achieved a significantly lower car-
bon footprint, higher cost-effectiveness, and more efficient circular resource flows. The study showed that greenhouse gas emissions
per unit area in the cropping system of the ecological farm were reduced by approximately 88% compared with conventional farm,
whereas emissions per unit swine in the livestock system decreased by 2%, attributable to the internal cycling of energy and nutrients
through biogas power generation and manure recycling. In terms of economic performance, the ecological farm achieved higher
profits for the crops through cost-control measures, with fruit cultivation generating 29%—-50% higher profits compared to convention-
al farm. Meanwhile, the livestock system reduced production cost by 46% compared with conventional farm, primarily through self-
breeding practices. Although the ecological farm’s dietary nutrient supply per unit area was slightly lower than that of conventional
farm, it maintained a stable supply. Furthermore, multi-objective optimization simulations revealed significant trade-offs and syner-
gies in production structure adjustments under different goal orientations (maximizing yield, maximizing profit, or minimizing car-
bon emissions). By adopting different optimization strategies, the farm system could achieve up to a 55% reduction in greenhouse gas
emissions, a 93% increase in total profit, or a 109% improvement in the level of dietary nutrient supply, depending on the selected ap-
proach. This study not only provides a theoretical foundation for optimizing the “swine-biogas-fruit-electricity” mode but also offers
practical insights for policymakers and agricultural practitioners. By quantifying the benefits of the system and identifying optimal
production scales, it contributes to the broader adoption and sustainable development of ecological farming in China. These findings
hold significant value for promoting low-carbon agriculture, rural economic growth, and food security, aligning with China’s national
strategies for green transformation and rural revitalization.

Keywords: ecological farm; comprehensive benefit; integrated crop-animal recycling; multi-objective optimization; non-dominated
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Electric power supply
?{f“yﬁ% % %.Zi'g'fgl YE/E‘\‘I*% /}E{/:\ Hg"ﬂ:/‘?*\gjﬁ YE/EKE FE.HL?H
Livestock Livestock and Bi . ™ . Purification Biogas
i0gas project Biogas
farm poultry manure system generator set
il IR RS
Biogas residue and biogas
[ RZEE slurry transmission system
Solid manure i
A7 FII L R GE
Storage and
transportation system
FEMEHEAL
Manure compost LA F iR 2%
Organic fertilizer
application equipment
V5 7K AL B AR FH )2 7 437 H
Sewage treatment Field production Electricity consumption for farm
center
ik TSNP
Transmit the surplus electricity and
integrate it into the national power grid
EE RN
Economic benefit
E1 EX-BR-ESLERARREER
Fig. 1 Flow chart of ecology-biogas electricity-manure treatment technology
*1 EBRBIAEMRBEFER
Table 1 Production information for the ecological and conventional farms
FIE RS Planting system FEIH AR 4L Livestock system
B RGN PR A A HIIA
A PE TR Nitrogen input /(kg-hm ) P 7‘t‘ 4 F{ loil  Electrici gl #Ah% TR Electrici
Production information Area feAn HHLE estieide uetor ee city aughter Feed input ee ricity
hm? Chemical Oreanic mnput nput nput volume /(kg-head .) nput
. & /(kg-hm™®)  /(kg-hm™®) /(kWh-hm?) /head /(kWh-head ")
fertilizer fertilizer
EdARY W% Grape 5.33 0 207.14 4.93 45.66 0 — —
Ecological - j peach 1.00 0 24839 11.80 81.18 0 — —
farm .
2K Pear 0.67 0 248.39 19.87 121.77 0 — —
¥ Swine — — — — — — 9 000 393.2 0
WHARY)  Hi% Grape 1.40 240.00 303.00 9.88 27575 202120 — —
Conventional  jk peach 333 2250 16223 12.13 67.65 133001 — — —
farm .
2 Pear 1.33 22.50 162.23 14.30 67.65 1330.01 — — —
}# Swine — — — — — — 10 000 375.0 2.06
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Table 2 Greenhouse gas emission sources and emission factors

HEROR IR HE R p 30
Emission source Emission factor Source

FEY A 4¢2} Pesticide /[kg(CO,-eq)-kg '] 16.52 [16]
Production of major inputs 4 Agricultural film /[kg(COs-eq)-kg '] 9.44 [17]
AN Compound fertilizer /[kg(CO,-eq)-kg '] 2.31 [18]
B Nitrogen fertilizer /[kg(CO,-eq)-kg '] 7.76 [19]
WAL Phosphate fertilizer /[kg(CO,-eq)-kg '] 2.33 [20]
APAE Potash fertilizer /[kg(CO,-eq)-kg '] 0.66 [20]
Ak} Feed /[kg(CO,-eq)-kg ] 0.72 [21]
T+ HEN, O HEHEK ALAE Chemical fertilizer /[kg(N,O-N)-kg ' N] 0.100 0 [13]
Direct emissions of soil N.O ATHLIE Organic fertilizer /[kg(N,O-N)-kg ' N] 0.100 0 [13]
AN, O] HEHEIL KAATIE ABJIE Chemical fertilizer /[kg(N,O-N)-kg' N] 0.001 1 [13]
Indirect emissions of soil N,O Atmospheric nitrogen deposition A HUIE Organic fertilizer /[kg(N,0-N)-kg™ N] 0.002 1 [13]
FIKIE AL Nitrogen leaching and runoff /[kg(N,0-N)-kg ' N] 0.002 64 [13]
8 T AR T A 1.5 [14]

Enteric fermentation Methane from swine enteric fermentation /[kg(CH,)-head '-a™']
HHERS CH,HEi CH, emissions /[g(CO,-eq)-(kWh) ] 0.01~0.20 [13]
Biogas-electricity system N,OHE}X N,O emissions /[g(CO,-eq)-(kWh)™'] 0.02~0.05 [13]
fitJi Energy il Fuel /[g(CO,-eq)-kg '] 3.153 [13]
i, Electricity /[kg(CO,-eq)-(kWh) '] 1.37 [22]
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Ecological farm benefit optimization model Model input and output
FRLRGE: % . BERIAL FTRAE ARG A0k
& Planting system: grape, peach, and pear; breeding system: swine
SHE GHG emissions i A Input 4t Output
' e
o i AR
Input of agricultural Ho
R ; GHG emissions
= pesticide, fuel, etc.
&F‘%F%;’iggﬁﬁﬁ\ Ler A
izt g i, £l
sale price, cost, etc. profi
FAa i A e i
Agricultural product yield, Agricultural product
and scale supply volume
A5
Agricultural product profit Agricultural production
BRI AL
Optimization of model process
=l = RGBT
= eI A AR R ME jg Total arable land area of the farm
=5 2 Minimization of farm production GHG emissions i* 2 HHhEERISRESH i%ﬁ
i "E A5 A R AL *& § Arable land livestock manure carrying capacity! LT
g £ Maximization of farm total profit % ‘5 FEIH IR NSGA-II ?ji
o ,ﬂi ARy i ke kA B £ Livestock farm breeding scale Qptimal fa_rm
8 Maximization of farm agricultural production 5 Wikt et
< Biogas power generation plan

Min: H b sA B /N Max: H bR PR B K NSGA- T : 3k SZ fig HE /7 i £ 5575 . Min: minimization of the objective function; Max: maximization of

the objective function; NSGA- Il : non-dominated sorting genetic algorithm.

2 ERRBHHEMURE

Fig. 2 Benefit optimization model for ecological farm
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V5 FH AR T AR R 117.7 hi, AR R 25 2 505
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o o A TR AR S KRB RE 1L N, AT
y<H (23)

K H O35 i K R i, AR SEBR IR B, % (E
k20 000 3k .

4) TR HLR HL

SR A S L R I AR 4 B P L,
TG R R T IR AZ BRI, A

EPxy > DE, (24)

A EP W IR0 RGBSk A AR 2875 - AR
Vi kL, RO A S AR R R 69.7 kWh-3k
DE, b 4 3 S FE HL i, 52 0 AR S A A E 45 2R Oy
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533 %

FELAR E ARHERL . A7 il B R B S R
TR R B A dd = O RO H AR, 54T 2 H s
oA, RAE LA FARSEAT 0 1, i 4 WAL TT
%, P Jr 52 OT1 A )™ dh ™ it fe i J7 %8 OT2
HIE f5 5 07 %8 OT3 i &8 UM HE R i e A% T &6
OT4 A PRFFE ™ dh ZREPE IR DL T, R 428 X
W e B, G 2 8 DXL P AR 4 DA o A0 Ak A ™
i AR (LA 5 4 BEAN A b vl 22 AR B 3l) DA%
K BN, 1A AR T I AR B Bl iRcR,
L DA P SR B RS S A b M BEA T A
14 HIERIR

AT TR ARG TR | A7 dh
ORI AR TEIEK B AR SR, LTS
BEARFTEAT BN T SR AL, AR5 6 45 A% 25
GRS o MR IR T S R R A, eI
BT (REgHELE ) (RGEIHHFEE) LK
B R I SR A A AN I U

2 GRES

2.1 EBRFHHSH
2.1.1 EBRGBEHENE

A A TR Z2 5 A T AR L & AR HE OK P
RFH AT (B 3). AR R R 5507 1R
T2 SRR 1.999.2 kg(CO,-eq), T H M4 7 Fh
Wi ZR G50 16 027.7 kg(CO,-eq), 1 BT H A

18000 rw [ 424kl (ZLUTF) Indirect emissions
(nitrogen deposition)

w [EJZHERC (FUR FIARI) Indirect emissions
16 000 (nitrogen leaching and runoff)

=}k Fuel oil

14 000 L= BIZHEAL Direct emissions

¢ 2} Pesticide

ALAE Chemical fertilizer

12000 & 4 HUAE Organic fertilizer

= i JJ Electricity

10 000

8000

6000

4000

2000 r -
0

Ecological farm

B3 AXRGMENARFHERFRESEHER
Fig. 3 Greenhouse gas emissions from the planting system in
the ecological and conventional farms

% SAARHEL Greenhouse gas emissions /[kg(CO,eq)-hm™2]

(%7

Conventional farm
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RS R e . BRIERIH 7, A4
Stz HFREIEHEIRBHEAR, LR
WA B A4 B R . BT F, ANk E T
AR FR 08 2 e A 3615 T AT IR SR 8%, 1™ AR TR R
T Ko JAE R, FRAEMALAR A YRR 7R 4
9 000 3k, & Hy 5 58 4l R AR L SR R G oK o
AN AL G B T THFEA R R S TR R 2
A 37 R IR 2R G35 AL EERAY, SC PR R S
FIEAER B, AL Z R, H AR B I HFE IR =
SARHERL A7 bk 44%, T4 500 PR X A BE TR AR
Gl Ay T AP B OB By T, AR S T e R
() IR IR G I R B, 3l 3 T TR SO S M AR 4
A, B IR 215 A Rk, ELRE ™ A S T ol
Mo PR e 5 . AL TR AR 3 S A HLAE AN
AEAE, HsHER % 6 155.9 kg(CO,-eq)-hm *,

A A B A 77 5 il = AR HEBOK AR F
WA (B 4), ARG B A 95 58 i = AUk
He ikt 4 327.5 kg(CO,-eq)-3k ', # M4 3% Hy 3342
kg(CO,-eq)-3k ', BRI H A 2%, RHE
A TE P 28 4% 3 v 24 O d5 B B A TR = SR HE TR, 7E
A A R T o 86%, 18 RLA I b A HE o
80%. A AR R AT M A %, PR R 58 SR i R
A S K, FERL T FE ARG T AARHE R 2813

Feed consumption
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350 ¢

= — m— e CH,

g CH, from biogas leakage
£ 3001 = IHURHN,0

g N,O from biogas leakage
S = SH{BEIE CH,

= 250

Bl CH, from manure

f‘ composting

E Sy

3 200 - Electricity consumption
5 S N,O

5} N,O from manure

2 150 | composting

E = il %8 CH,

3 Enteric fermentation CH,
[0 n
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=
¥
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Fig. 4 Greenhouse gas emissions from the livestock (swine)
production system in the ecological and conventional farms
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BREAR S HH R SR G R

BV S5 1815

kg(COeq) 3k, BH AR B 5% F{EALHHEI
5 VH A A R I IR MR R B (TR AR L CHL A
N,0) DA K ZE 5 HE A il == AR HE i GEAEHENE CH, Al
N,O), 4= 25 R 3% H 24.7 kg(CO,-eq)-3k ', B MR %
w1 11%, EERF NS RG IR R G LB, M
BEMRG mEREE R, ERRGFHELE D,
A SRR TR N (1 43R 1 8 Ak A PR IR AR
HL AL 25, 1Z 30 43 L 0 S E 7 A I IR = AR HE O A
FI5 AL PEIRAY
212 GFHmSM

FAEBRG S H ARG AG D, REEY
ARG R R R —E 2R . MRS, 4
ARG = WAL T MR Y (€ 3).

A 254 S 3 B A v 1) R A R i R, G o R
IR 7 AR ZR AT AH T 558 e 1) R, TR AR 7 )

Lo A AR 6%, 1HHAE 7 A58 AR A (IK 82%,
BRI B AL AR 73%) . BRI, 2RS4
YifE W) = & A H o AR S 08 29%~50%, 1R 7
RS 2R Ry 5 A 4.6~7.4 455 . A= A Y08 it
HE SR IRAG IR AR T 4% I 2R 72 22 Gt P IR A AR,
FERR R A, 767 i S MBI SRR LT, K
SRARTS T Hemid R

AR = A G54 (18] 5) T L& B, 2k
UIE A ZER , MRS, S B2
ANy B . R4 DL K as B, A 25 3%
3K R A 7 2 Y 14%~39%, + M FH 4 5 23%~
33%, s B 5 19%~27%; B4 37 3 A S AR
B, 3 B AT IR ) 74%~86%. A7 A i
RSP R G, DI ZEN FR B r= A ALIE, SEE
BEA L H R, ToT AR AL BRI AR, X usi,uzvﬁ

b AR AN . A A A A A 1T S B FPRE 2R G0 A DL S OB BT 7E o AR AR 38 ik it
R3 2023 FEBRFINEMRRIFH AL
Table 3 Cost and benefit of the ecological and conventional farms in 2023
FEFE HE PR 7= i Yield 4% Price JAS Cost LA Income F¥E Profit JRAF I
Production type Production mode /(t-unit ") J(x10* %t /(10" ¥-unit ') /(x10* ¥-unit ") /(x10* ¥-unit™") Cost-profit ratio /%
Hiy A4 Ecological 18.75 2.70 5.34 50.63 45.29 8.49
Grape #}L Conventional 22.50 2.86 30.08 64.35 34.27 1.14
Bk 445 Ecological 15.00 4.44 6.30 66.67 60.37 9.58
Peach # M Conventional 22.50 3.10 23.11 69.75 46.64 2.02
2 1275 Ecological 18.75 2.40 7.51 45.00 37.49 4.99
Pear # ¥ Conventional 22.50 2.14 23.14 48.21 25.07 1.08
3 425 Ecological 0.13 1.78 0.11 0.22 0.11 0.98
Swine ¥ ¥ Conventional 0.18 1.78 0.21 0.31 0.10 0.50

TERIP= R RLEAS . AN A7 D () “unit” ohm?, S5 3k

of animal product is head.

“unit” in the unit of cost, income, and profit of crop product is hm®, while that

350 000 R . . - NS .
= | 44T IH 2% Depreciation expense of plant and equipment 2300 re 4R %5 % Technical
= MIE#H Certification fee consultation fee
= 7K HL %% Water and electricity costs =] R TIH R
300 000 Fhi % Seedling cost ] Depreciation expense of plant and
= iz i %% Transportation cost 2000 zgulp;ent . B
o = %8}3) 11 %% Fuel and power costs = ﬁ?i ¢ Veterinary
‘E 250000 . FELAI#LA % Machinery rental cost ! medicine cost
= = f¢ 2% Pesticide cost — — s EI?‘E’ Labor cost
¥ & + 4> Land rent 3 1500 L7 B
2 g 200000 AR %) %% Technical consultation fee _ B = Live animal
i oo = Jit T.%% Labor cost a 8 Ellfghase cost
52 = I} 3% Fertilizer cost o = [l 2% Feed cost
XS 150000 F INg=
¥3E R E1000f
© =%
1S
=
-
& 100000 §
. 500
rm N
oL I
TEAE A RS A AN A SR AR
Ecological- Ecological- Ecological- Conventional- Conventional- Conventlonal- Ecological-  Conventional-
grape peach pear grape peach pear swine swine

B 5 2023 EAEBRIGIEMRGEFRAEK

Fig. 5 The production cost structure of the ecological and conventional farms in 2023
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AR RO 24k (R 3E3C) 2025

% 33%

H AL, R ARG R BT, (R ik
o MAN, ARG A T ATFEE L AT,
DLAEF7 AT RSk, Anpk AL A 77 i T 3R A H AR
155 49%, T H B A Y7 W) 38 2o B8 i 1) 7 2 AU AR 1
N TSA S BRI RL 35
FEFRIE R G, LSRG AT AL T8 AR
5y, B8R AR AR 46%. TR B2 iR 0 &
BESERE NAR S M O R LA 3 R 2 A
(983.1 ¥-3k 7N, 5 A4 7= BUA 1Y 47%, A SR TN
854.9 ¥-3k ', i Lk 76%, A Ak A AR, BE
HE & 3 0 T R S, IR GRS AR B R
TR AL H AR G 8, 35 900 ¥-3k 1, i 2B 7= gl A
[ 43%, i A4 e 1 /% A FR i UE s0d A T
PLI0 32, B T R B T AR S PR AR 94%. 3 Fif
A 25 A6 1) 25 50— 2 S e S P R X e A A B

J7 2 b A DX s A A AR 3 1 e 35 0 B A X o P
GEUEAE I A ST AR Ak, TR AR S 1 A
T A M R M A T 328 5
213 BEREFMEBKE

JiE B B SR AL KO L H AR G A R
HH RS, B fta s 2 A O E I R EE
A 254 37 AT T UK SR 5 /K4 1 588.01~2 379.64
N -hm™a (& 4), i & HAC Y 2 335.31~2 855.57
Achm a3 TP T R RN AT AT
", élz*i%%%f‘zﬁ% 7J<%F£$A@TLMN 2y
620.32~929.55 > 5Z J{E , i # AR 3 B 41 AT Ik 45 24
912.23~1 115.46 M5 JE, %%AZ%%@?EEWZQ%O 3
Y= A e AR A AR S RN RLAR 3 A Bh ) e
il o B R O B G AT B Bl ) PR B S AR oK
B FA LR B AR SR 41%.

F4 2023 FEBSRGMEMRBRFRBAMEFNRAORFE

Table 4 People supply per unit production scale in the ecological and conventional farms in 2023

I PRI o WEAE [T
Product category Production mode umber of peop}lel su;l)phed Number of housc:hol'ds1 sulpplled
/(person-unit -a ) /(household-unit -a )

%] Grape H: 25 Ecological 2379.64 929.55
H} Conventional 2 855.57 1115.46
Bk Peach #:25 Ecological 1 588.01 620.32
“H ¥ Conventional 2382.02 930.48
%4 Pear 7S Ecological 1946.10 760.19
‘## Conventional 233531 912.23
LR Swine 7 Ecological 2.85 1.11
7 # Conventional 4.00 1.56

FEY 5 24 i “unit” R hm?, S5 5 A

22 EFAENER

Ak
221 EBFRBRUFR

1EZ HintifbJr 52, 75 %8 OT1 LS A 7 i
7 B e R BB, %07 58 e D/ 2 AR TR AR, 1S
M AL F oA T FR, () A R v AR 0 R A AR (15 6),
HG P 2 P e T R S 2R 2,53 h’, AR 4N 52%,
B FIAL (%) b AT T B0 551 PR 4K 2 2.20 A1 2.27 h’, 5530
PRY K2 120% F1 239%, AFEFHHA A= 53HE 2 20 000
K, BBUIRIE K 122%. 77 %8 OT2 AJ 3k 48 Ji F1) 1
15, 5 PR B, 8 28 R T AL /N 57%, BE RIS
FloAEL T AR A3 4 K 147% il 248%, A= 5 37 5 LA 18
K 122%. J7% OT3 il &= TARHECE AL, Pl R 46
rhr 2 R ORE 1T FR A 2 6.73 h’, Mk A DR A &
0.27 hm’, AFEAL, FR5H R G AR AR AL R 3 952
ko FHIBBIAFE T G MAS ATE, B WA 5 575
LA Ty B I 2838 XURS:, J7 %8 OT4 A M FR B AU 3K

REHTHESKRBEFTRE

3. “unit” in the unit of crop product is hm’, while that of animal product is head.

rom ‘@%E] Grape Hk Peach u %% Pear m 254 Swine

o, 8

g
26l
)
= S
B2 4t
gg) J
=S
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S
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[\)
W
(=2
S
(=}

FEHH R
Breeding scale /h
—_ = N

wn O wn O

o o o o

oS O O O
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PR Status OT2 OT3 OT4
% 5t Scenario
FRIE B N AR RS R . OT L 72 fh = it i 5 OT2: A i 7

OT3: i SR HE B FefIK; OT4: 478 KU 5 ik . Breeding scale refers
to the slaughter volume. OT1: the highest agricultural production; OT2: the
highest profit; OT3: the lowest greenhouse gases emissions; OT4: the low-

est operation risk.
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Fig. 6 Production scales under different optimization scenarios
in the ecological farm
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I, FhiE AR R s, At TR K IR 24
PE; 5 BRAE b, FhAE R S0 A A 0 AR T AR e D
46%, BE ALY AR 7 AR S5 1 35 0 140% F1159%, AE
BEAR A T D 56%.
222 MHARMEITFMH

J5 %8 OT1 il s 97 R AR M R 5 LA, v] S e 3
IR B R AL R KA, R T B R 3.94%107
kg, ME T BURBE T 109%. 5 H b R4 T+ 198 4
YA, 35 3.80x10° ¥, S HULRETE 92% (1K 7). {HiE
BT B MR R 3G B W 25, 3l R AH N 1 3R
BRI, A 55 0 il & SR HE OK S  , FLFRAE
BT 2 BAR Y 2.2 £, PREE S HR 3G I, R %= AR
TR IE 9.85%107 kg(CO,-eq), BEFLARIEINZ) 124%.
M EL A A v 1) S AV, L A A e R i v, PRI
774 OT2 3 b 4 = Ak AR T AR b, $2THAk 9 42 0%
a5, RIGEFNE A 3.82x10° ¥ PR EL B 93%., 1%
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30000 j
: H B
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30000 |
15 000 J
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45000
oT2
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FEPRB A AL B . OT L 4™ it 7™ ik d vy ; OT2: R Joe i 5
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/I(CO,-eq)]
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ARIFI
Farm profit /(x10* ¥)

Rt i

Agricultural production /t
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7 EAXRBARMLER THRAE

Fig. 7 Benefits of the ecological farm under different scenarios
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LN B A 7 b 7 a5 43 Sl 5 AR B AR 43% T 50%
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UCHE L 4 32 BEARBLAE A R 7 AT 08 F B AR
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FERE B/ T 3550 R G0 = SR HE L, A5 )
B2 32 31— 72 R FE RS, A AR KSR T LA
IR B RS AR o, U™ R R A B . 2 I Y
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