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Abstract: The agro-eco-economic system (AEES) is a fundamental system underpinning human survival. To improve
the evaluation of regional AEES performance, this study proposes an emergy-based framework for assessing
sustainable development and constructs a corresponding evaluation index system. Applying this framework, we
analyzed AEES data from the Northern Anhui from 2014 to 2023. Key findings reveal: The average total emergy input
was 6.04x10?2 solar emjoules (sej), while the average total emergy output was 5.08x10?* sej. The average emergy
self-sufficiency ratio (ESR) and net emergy yield ratio (EYR) were 0.13 and 9.72, respectively, showing no significant
temporal trend over the decade. The emergy investment ratio (EIR) and environmental loading ratio (ELR) exhibited a
declining trend post-2017, indicating substantial yet gradually decreasing environmental pressure on the AEES. The
average emergy sustainability index (ESI) was 1.15, with a moderate upward trend observed over the past five years,
suggesting developing sustainability potential. Based on these results, the study provides targeted decision-making
insights and management implications for advancing high-quality agricultural development in Northern Anhui. This
research holds significant theoretical and practical relevance for sustainable AEES management.
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1 INTRODUCTION

In 1987, the World Commission on Environment and Development, in its report "Our Common Future," first articulated
the concept of sustainable development. Today, eliminating hunger, achieving food security and improved nutrition,
and promoting sustainable agriculture are among the United Nations' 17 Sustainable Development Goals. Therefore, the
sustainable development of the AEES is both an effective pathway to solving hunger and an important integral
component of global sustainable development.

To better understand AEES sustainability, scholars have employed diverse methods and tools for assessment [1-4].
However, a key issue with these evaluation methods is the difficulty in unifying indicator selection. The root cause is
the inability to convert economic, material, and energy flows into a unified standard. The emergence of emergy analysis
has changed this situation. Furthermore, emergy analysis allows for the quantification and comparison of energy flows
across different systems. Emergy, pioneered by the renowned ecologist Odum, posits that all energy on Earth originates
from solar energy. Therefore, inputs and outputs (materials or energy) of the AEES can be uniformly converted into
solar emergy based on specific ratios, measured in solar emjoules (sej) [5]. Emergy analysis uses emergy as a baseline,
converting different types of otherwise incomparable energy within a system into a common standard for measurement
and analysis, enabling the quantitative analysis of AEES sustainability. Currently, emergy analysis is widely applied in
the sustainability evaluation of ecological economic systems [6-8]. Research on emergy analysis applications in
agricultural ecosystem sustainability primarily focuses on two main areas: comparing sustainability across different
AEES [9] and studying regional AEES sustainability [10-11].

This study takes the AEES of Northern Anhui as its object and employs emergy analysis for quantitative evaluation. It
constructs a sustainable development evaluation index system for the Northern Anhui AEES. By collating and
calculating basic AEES data for Northern Anhui from 2014 to 2023, it evaluates the sustainable development capacity
of the region's AEES.

2 RESEARCH METHODS AND INDEX SYSTEM
2.1 Research Methods

The AEES is an organic whole. To scientifically and comprehensively evaluate its operational status and development
characteristics, selected evaluation indicators should possess relative independence. This paper divides the AEES
energy flow into Total Emergy Used (Input, E) and Total Emergy Yield (Output, Y). System input emergy is
categorized by source into Renewable Environmental Resource Input (R), Non-renewable Environmental Resource
Input (N), Renewable Organic Emergy Input (T), and Non-renewable Industrial Auxiliary Emergy Input (F). System
output emergy is categorized by agricultural sector into crop farming, animal husbandry, forestry, and fishery.
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According to the emergy calculation method, the emergy values for the input and output items are calculated separately
using the following formula:

B,=Y OETy, i=l..n (1

Where B; is the solar emergy of the i-th input or output item,O; is the actual collected data for the i-th item,E; is the

energy conversion coefficient for the i-th item, and 77 ;is the solar transformity for the i-th item. After calculation using
Formula 1, the emergy units for all input and output items are unified into solar emjoules (sej).

2.2 Index System

To understand the operational status of the regional AEES, this paper, from the perspectives of resources, environment,
economy, and sustainability, and drawing on relevant literature, introduces five evaluation indicators: Emergy
Self-Sufficiency Ratio (ESR), Emergy Investment Ratio (EIR), Net Emergy Yield Ratio (EYR), Environmental
Loading Ratio (ELR), and Emergy Sustainability Index (ESI). This establishes the regional AEES emergy evaluation
index system.
Emergy Self-Sufficiency Ratio (ESR) evaluates the system's self-sufficiency (Formula 2). A higher value generally
indicates a greater contribution of natural resources to the system's inputs and stronger self-sufficiency. Renewable
resources include solar radiation, wind energy, rain potential energy, and rain chemical energy. As wind, rain potential,
and rain chemical energy ultimately derive from solar energy, the maximum value among renewable resources is used
as the system's renewable resource emergy input.
ESR=R +N)/E (2)
Environmental Loading Ratio (ELR) characterizes the magnitude of environmental pressure borne by the AEES (see
Formula 3). A higher ELR value indicates more non-renewable resource inputs (e.g., fertilizers, pesticides), leading to
excessive dependence on artificial resources, significant environmental pressure, and hindering sustainable AEES
development.
ELR = (F +N)/R 3)
Emergy Investment Ratio (EIR) is the ratio of the sum of non-renewable industrial auxiliary emergy (F) and organic
emergy (T) to the natural environmental input emergy (R + N). This indicator measures the development level of the
AEES and its resource and environmental pressure. A higher EIR value indicates a higher level of economic
development but also greater environmental pressure (see Formula 4).
EIR=(F+T)/(R+N) 4)
Net Emergy Yield Ratio (EYR) is the ratio of output emergy (Y) to the sum of non-renewable industrial auxiliary
emergy (F) and organic emergy (T) inputs (see Formula 5). This index reflects the system's sustainability. A higher
value indicates higher efficiency, stronger sustainability, and higher price competitiveness of agricultural products.
EYR=Y/(F+T) )
Emergy Sustainability Index (ESI) was proposed by Italian scientist Ulgiati and American ecologist Brown in 1997
(Formula 6) [12]. A region with a high EYR and a low ELR has a high ESI, indicating good sustainability; conversely,
it indicates unsustainability. An ESI between 1 and 10 suggests the system is vigorous with development potential. ESI
> 10 indicates weak ecosystem sustainability, while ESI < 1 indicates a consumer-oriented economic system.
ESI=EYR/ELR (6)
Based on the above emergy indicators, the regional AEES emergy evaluation index system is constructed, as shown in
Table 1.

Table 1 Sustainability Evaluation Index System for the Agricultural Ecological Economic System in Northern Anhui
Index Category Expression Indicator Description

Basic Indicators

Renewable Natural Resources R Renewable resources from nature, e.g., solar, wind, rain energy
Non-renewable Natural Resources N Non-renewable resources from nature, e.g., topsoil loss
Non-renewable industrial products in input emergy, e.g.,

Non-renewable Industrial Auxiliary Emergy F fertilizer, pesticide, diesel, etc.
Organic Emergy T Organic emergy input to .the sy.sFem, including labor, seeds,
organic fertilizer, etc.
Total Input Emergy E=R+N+F+T Sum of all input emergy items
Total Output Emergy Y Total emergy output of the system
Sustainability Indicators
Emergy Self-Sufficiency Ratio (ESR) ESR=(R +N)/E Natural resource endowment and contribution to AEES
development
Environmental Loading Ratio (ELR) ELR=(F+N)/R Pressure on the environment
Emergy Investment Ratio (EIR) EIR = (F +T)/ (R + N) Level of regional agr.lcultural economic development and
environmental pressure
Net Emergy Yield Ratio (EYR) EYR=Y/(F+T) Ecosystem operational efficiency
Emergy Sustainability Index (ESI) ESI=EYR/ELR Sustainable development capacity of the regional agricultural

ecosystem
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3 SUSTAINABILITY EVALUATION OF THE AGRICULTURAL ECOLOGICAL ECONOMIC SYSTEM
IN NORTHERN ANHUI

3.1 Study Area Overview

Northern Anhui Province is located in the northern part of Anhui, encompassing six prefecture-level cities: Bengbu,
Fuyang, Bozhou, Suzhou, Huaibei, and Huainan. It features a warm-temperate semi-humid monsoon climate with
distinct seasons, moderate temperatures, and average annual precipitation of 845mm. Annual solar radiation ranges
from 5200 to 5400 MJ/m?, with 2303.1 sunshine hours annually. In 2023, the grain sown area in Northern Anhui was
4123.72 thousand hectares, accounting for 56.22% of Anhui Province's total. The total grain output reached 40.5075
million tons, representing 54.96% of the provincial total. The permanent population was 26.47 million (43.24% of
Anhui), with a rural population of 12.906 million (54.78% of Anhui's rural population). The gross output value of
agriculture, forestry, animal husbandry, and fishery was 296.7 billion yuan, constituting 47.48% of Anhui's total.
Northern Anhui is a crucial agricultural region in Anhui Province. To enhance its agricultural sustainability and
promote high-quality development, this study selects Northern Anhui as the research area.

3.2 Data Sources and Calculation Results

The relevant agricultural basic data used in this paper mainly come from the Anhui Statistical Yearbook(2015-2024)
compiled by the Anhui Provincial Bureau of Statistics, supplemented by the author's field surveys. Field survey items
mainly included organic fertilizer application, seed usage, and labor input. Climate data (temperature, precipitation,
sunshine) for Northern Anhui were obtained from the Meteorological Data Center of the National Meteorological
Information Center. Energy conversion coefficients and emergy transformities primarily came from relevant literature
[13-15]. The calculation method and process refer to the literature [15]. Based on the AEES emergy flow data for
Northern Anhui and Formula 1, 35 input and output items that significantly impact the calculation results were retained.
The calculation results are shown in Table 2 and Table 3.

Table 2 Emergy Input Analysis of the Agricultural Ecological Economic System in Northern Anhui (2014-2023) (sej)

Project 20142015 2016 2017 20182019 2020 2021 20222023

Renewable Resource Input (R)(X 102!) 519 561 519 536 606 426 548 660 525 5.52
1 Solar Energy(X 10'9) 527 579 579 579 593 601 578 588 598  6.00
2 Wind Energy(X 10%) 762 834 834 834 860 876 833 852 871 8.75
3 Rainwater Chemical Energy(X 10%") 519 561 519 536 6.06 426 548 6.60 525 552
4 Rainwater Potential Energy(X 10%) 7.83 847 783 808 9.14 643 827 995 791 832

?Q';bﬂf;‘ewable Resource Input (N) 231 250 231 239 270 190 244 294 234 246
5 Topsoil Loss(X 102)) 231 250 231 239 270 190 244 294 234 246

El‘;)“l;:‘z;;’:v;ll’:;})“d“smal Auxiliary 458 467 474 479 486 492 495 392 389 3.56
6 N Fertilizer(X 10°') 706 707 7.04 700 695 695 683 669 641 529
7 P Fertilizer(X 10°)) 845 843 840 830 830 837 826 805 770 426
8 K Fertilizer(X 10°) 778 794 800 806 824 829 830 820 7.89 7.10
9 Compound Fertilizer( X 102!) 250 268 279 291 297 308 317 319 310 420
10 Pesticides(X 10%) 140 137 134 137 140 140 135 132 126 995
11 Agricultural Film(X 10'%) 346 345 360 369 396 401 401 403 373 3.9
12 Agricultural Machinery( X 10%) 266 273 279 284 291 295 299 199 204 208
13 Electricity( X 10%) 278 293 320 340 353 361 350 344 352 289
14 Fuel Oil(X 107 199 197 184 192 194 192 193 144 148 143

Organic Emergy Input (T)(X10?!) 803 795 782 775 7.63 759 750 748 741 740
15 Organic Fertilizer( X 10%°) 259 255 257 257 261 262 261 260 260 258
16 Labor(X 10*!) 777 769 756 749 737 733 723 722 715 714
17 Seeds(X 10'7) 630 652 699 719 749 746 7.53 790 800 7.73

Total Input Emergy (E)(X 102) 613 628 627 634 650 630 649 562 539 510

Table 3 Emergy Output Analysis of the Agricultural Ecological Economic System in Northern Anhui (2014-2023) (sej)

Project 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Crop Farming(X10%2) 680 685 721 713 7.14 714 7.03 655 6.61 6.51

I Wheat(X10%") 691 694 722 759 790 804 826 824 838 8.08
2 Rice(X10%) 441 414 456 375 440 400 4.01 401 39 411
3 Corn (Maize)( X 10%2) 134 142 155 158 1.64 162 1.62 173 173 1.65
4 Beans (Legumes)( X 10?") 208 190 194 167 153 163 132 137 143 194
5 Tubers (Potatoes)( X 10") 1.64 203 214 236 238 206 2.08 317 3.61 398
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6  Peanuts(X 10%) 476 464 446 437 447 414 403 403 405 3.86
7 Cotton(X 10%) 114 107 122 105 846 774 634 469 471 4.69
8  Vegetables(X 10%) 276 290 3.04 317 325 335 338 339 341 347
9 Fruits & Melons(X 10 262 268 272 278 290 300 3.04 261 264 26l

Livestock Products(X 10%%) 448 436 426 435 438 449 439 411 414 395
10 Pork(X 10%) 549 549 534 561 574 609 595 574 631 620
11 Beef(X 10 852 895 840 852 806 807 820 837 857 871
12 Mutton (Sheep/Goat)( X 102') 817 849 829 838 849 887 925 946 878 890
13 Poultry Eggs(X 102) 608 585 587 593 600 630 650 677 657 647
14 Dairy (Milk)(X 1022 655 638 663 680 661 704 683 634 660 665
15 Other Meats(X 10?) 3.09 285 300 337 343 348 343 346 340 334
16 Wool(X 10%) 219 213 201 201 204 203 195 170 1.68 151

Forestry(X 10%) 496 609 609 638 723 770 687 703 672 746
17 Forest Products(X 10'?) 496 609 609 638 723 770 687 703 672 746

Fishery(X 10%") 901 963 101 106 110 106 107 112 7.06 6.56
18 Aquatic Products(X 102 901 963 101 106 110 106 107 112 7.06 6.56

Total Output Emergy (Y)(X 102) 525 504 509 517 521 531 520 487 487 4.67

Based on the relevant emergy data in Tables 2 and 3 and the calculation methods, and using the emergy evaluation
index system constructed in Part 2, the indicator values for the AEES in Northern Anhui from 2014 to 2023 were
calculated, as shown in Table 4.

Table 4 Sustainability Indicator Values for the Agricultural Ecological Economic System in Northern Anhui
(2014-2023)

Project 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
R(X 10%sej) 519 561 519 536 606 426 548 660 525 552

N(X 10%sej) 231 250 231 239 270 190 244 294 234 246

Basic Indicators F(X 102sej) 458 467 474 479 486 492 495 392 389 3.56
T(X 10%sej) 803 795 782 775 763 759 750 748 741  7.40

E(X 10%s¢j) 613 628 627 634 650 630 649 562 539 5.10

Y(X 10%s¢j) 525 514 500 517 521 531 520 487 487 467

ESR 012 013 012 012 013 010 012 017 014 0.16

. EIR 717 674 735 718 642 922 7.9 489 610 539
S‘;flt(‘l‘ilé‘:tt(’)‘rlfy EYR 976 940 922 928 926 935 9.3 105 105 109
ELR 926 877 956 939 846 120 947 638 7.86 690

ESI 105 107 096 099 109 078 096 164 134 157

3.3 Results and Analysis

3.3.1 Basic indicator analysis

From 2014 to 2023, the average renewable resource emergy input into the AEES in Northern Anhui was 5.45X 10?' sej,
remaining relatively stable. Variations were primarily caused by changes in rainwater chemical energy due to annual
precipitation fluctuations. The input of non-renewable industrial auxiliary emergy (F) increased from 4.58 X 10?2 sej in
2014 to 4.95 X 10?2 sej in 2020 (see Fig. 1). After 2020, F input gradually decreased. The reduction in industrial
auxiliary energy input helps decrease fertilizer and pesticide residues, improve the AEES environment, and enhance
farmers' quality of life. Since 2014, the organic emergy input (T) showed a significant declining trend. This is mainly
due to migrant workers typically returning only during busy farming seasons and their farming practices increasingly
relying on mechanization. Additionally, the number of large livestock decreased from 962,000 head in 2014 to 786,000
head in 2023, contributing to the reduction in organic emergy input.
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Figure 1 Emergy Inputs of the Agricultural Ecological Economic System in Northern Anhui Region (2014-2023)

The average total emergy input (E) for the Northern Anhui AEES from 2014 to 2023 was 6.04 X 10?2 sej. Renewable
resources (R), non-renewable resources (N), non-renewable industrial auxiliary emergy (F), and organic emergy (T)
accounted for 9.03%, 4.02%, 74.28%, and 12.67% of the total input, respectively (see Table 2, Fig. 2). Over the past
decade, fertilizers and pesticides accounted for 30.74% of the total input emergy, indicating they still dominate
industrial emergy input in Northern Anhui, exerting significant pressure on the soil and water environment.

The average total emergy output (Y) from 2014 to 2023 was 5.08 X 10% sej. The lowest output was in 2023 (4.67 X 1023
sej), and the highest was in 2020 (5.31 X 10? sej). Output fluctuated noticeably from 2015 to 2020 but showed a
declining trend after 2020, decreasing from 5.31 X 10?3 sej in 2020 to 4.67 X 10% sej in 2023 (see Table 3). Among the
output sectors, livestock products contributed the most emergy, followed by crop farming. The average outputs were
4.29 X 10% sej for livestock and 6.90 X 10%? sej for crops, accounting for 84.50% and 13.58% of total output,
respectively. This indicates that agricultural output in Northern Anhui is still dominated by animal husbandry and crop
farming. Due to forests being primarily ecological reserves and limited freshwater areas, forestry and fishery outputs
were minor, together accounting for only 1.91% of total output emergy.

60

Solar emj oules(XI62ssj)

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

B Crop Farming M Livestock Products i Total Output Emergy M Forestry M Fishery

Figure 2 Major Output Emergy of the Agricultural Ecological Economic System in Northern Anhui (2014-2023)

3.3.2 Sustainability indicator analysis

Based on the emergy data analysis results, this study analyzes and evaluates the AEES in Northern Anhui from four
dimensions: resources, environment, economy, and sustainability indicators.

(1) Emergy Self-Sufficiency Ratio (ESR)

Since 2014, the ESR of the Northern Anhui AEES ranged from a maximum of 0.17 to a minimum of 0.10, showing
little change over the decade (see Fig. 3a). This reflects the relative stability of renewable natural resource input (R),
non-renewable natural resource input (N), and total input emergy (E). It also indicates that the proportion of natural
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resource input within the total input is small, showing relatively low dependence on natural resources, high dependence
on industrial inputs, and a relatively high level of agricultural intensification.

(2) Emergy Investment Ratio (EIR)

The average EIR from 2014 to 2023 was 6.76. The highest value was 9.22 in 2016, and the lowest was 4.89 in 2021.
After 2016, it showed a declining trend (see Fig. 3b). This indicates high inputs of non-renewable industrial auxiliary
emergy (F) and organic emergy (T), meaning a large proportion of purchased emergy input, imposing a certain degree
of resource and environmental pressure on AEES sustainable development.

(3) Net Emergy Yield Ratio (EYR)

The average EYR was 9.72. The highest value was 10.86 in 2023, and the lowest was 9.13 in 2020. There was little
change from 2014 to 2020, but values increased steadily after 2020 (see Fig. 3c). This indicates high efficiency in
converting input emergy within the Northern Anhui AEES, good overall functionality of the agricultural ecosystem, and
relatively good sustainability.

(4) Environmental Loading Ratio (ELR)

The ELR fluctuated significantly from 2014 to 2023 and remained at a relatively high level, averaging 8.80. The highest
was 11.99 in 2016, and the lowest was 6.90 in 2023 (see Fig. 3c). This indicates that the development of the AEES in
Northern Anhui is subject to high environmental pressure, adversely affecting its sustainable development.

(5) Emergy Sustainability Index (ESI)

The average ESI from 2014 to 2023 was 1.15. The highest value was 1.64 in 2021, and the lowest was 0.78 in 2019 (see
Fig. 3d). The ESI showed little change from 2014 to 2018 but exhibited a clear upward trend after 2019, increasing
from 0.78 in 2019 to 1.57 in 2023. This suggests that the Northern Anhui agricultural ecosystem possesses strong
sustainable development potential, showing an increasing trend.
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Figure 3 Sustainability Indices of the Agricultural Ecological Economic System in Northern Anhui (2014-2023)
3.4 Management Implications

Based on the quantitative evaluation and research findings, promoting sustainable development of the AEES in
Northern Anhui requires multi-faceted solutions. This study proposes the following recommendations:

3.4.1 Reduce non-renewable resource input

Within the AEES inputs of Northern Anhui, non-renewable resources (N) are consumptive and environmentally
damaging. Topsoil loss is a major component of N inputs. Therefore, vigorous efforts are needed to prevent soil erosion
and soil pollution.

3.4.2 Improve the utilization efficiency of non-renewable purchased resources

Non-renewable purchased resources (F) hold a unique position. While they are artificial inputs, they are also crucial for
agricultural production. Thus, reliance on technological advancement is essential to improve the utilization efficiency of
F resources, thereby reducing the required input volume. For example, precise measurement of soil nutrient content can
enable targeted fertilizer application. Simultaneously, increasing organic fertilizer input and promoting straw return to
fields can help reduce chemical fertilizer usage.

3.4.3 Develop ecological agriculture

Encourage the development of ecological planting and breeding, strengthen the certification and management of green
food and organic agricultural products. Promote ecological circular agriculture, enhance the resource utilization of
livestock and poultry manure, advance comprehensive utilization of crop straw, and strengthen the control of
agricultural plastic film pollution. Reinforce the protection and improvement of cultivated land quality and advance the
comprehensive management of degraded farmland. Given water scarcity in Northern Anhui, vigorously promote
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agricultural water conservation and adopt efficient water-saving technologies. Implement healthy aquaculture practices.
Conduct actions to reduce pesticide and herbicide usage while enhancing their efficacy.

4 CONCLUSIONS AND DISCUSSION

With the reduction and outflow of rural labor, farming practices have shifted towards efficiency-driven methods,
leading to persistently high application rates of fertilizers, pesticides, herbicides, and mechanized farming. This has
resulted in increased non-point source pollution and high energy consumption. A critical challenge is how to increase
AEES output while reducing its environmental footprint and creating highly sustainable systems under certain input
levels. Evaluating regional AEES sustainability and proposing targeted improvement measures are fundamental for
transforming agricultural ecosystem development modes and enhancing the quality and efficiency of agricultural
development.

This study deepens the understanding of agricultural ecosystem inputs and outputs from an emergy perspective. It
establishes a unified measurement model and proposes an evaluation framework integrating economic, environmental,
and social benefits. This research provides valuable insights for regional AEES sustainable development, offers
theoretical and methodological support for high-quality agricultural development, and furnishes policymakers with
effective solutions.
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