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Abstract2

Dairy farming is a multi-billion USD industry that provides essential food products.3

At the same time, the millions of animals that this industry oversees generate a mas-4

sive environmental footprint (affecting air, land, and water quality). Specifically, live-5

stock manure is a carbon- and nutrient-rich waste stream that is routinely used as fertil-6

izer. This practice enables nutrient recycling but also leads to emissions of greenhouse7

gases and to nutrient pollution of soils and waterbodies. Mitigating these environmental8

impacts requires investment in manure processing technologies; identifying and prior-9

itizing investment strategies requires understanding inherent conflicts (trade-offs) and10

synergies that exist between economic and environmental impacts. In this work, we11

present a conflict analysis and resolution framework that integrates techno-economic12

analysis (TEA), life cycle assessment (LCA), and supply chain (SC) optimization. We use13
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this framework to investigate deployment scenarios of manure processing pathways in14

the Upper Yahara watershed region of Wisconsin; here, we evaluate LCA metrics (GHG15

emissions, ammonia emissions, fossil energy use, and nutrient pollution) and TEA met-16

rics (cost and revenue) for different pathways that include manure collection, storage,17

application, and processing steps. The LCA and TEA metrics are embedded within a18

SC optimization model that makes decisions on technology selection and geographical19

placement and on product transport in the study area. A conflict resolution procedure is20

used to explore trade-offs associated with these decisions and to identify optimal com-21

promise solutions that best balance trade-offs. Our results reveal that there exist non-22

obvious conflicts and synergies between the explored metrics that can be exploited to23

mitigate multiple impacts simultaneously. We also find that the deployment of a diverse24

set of technologies is needed to fully resolve conflicts. The impact of emerging technolo-25

gies (ultrafiltration and reverse osmosis) and government incentives is also discussed.26

Keywords: conflict resolution, life cycle assessment, techno-economic analysis, supply27

chain optimization, livestock manure management.28
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Introduction30

The dairy industry provides essential food products (e.g., milk and cheese) but also pro-31

duces vast amounts of manure. To give some perspective, an average lactating dairy cow32

can produce 9,500 liters of milk and 19,000 liters of manure in a year.1 Manure is a waste33

stream that is difficult to dispose of because it is highly diluted and distributed. Manure34

is typically disposed of via land application. This practice provides valuable nutrients for35

crop production (manure is a renewable fertilizer); however, land application of manure also36

promotes myriad environmental impacts.37

Manure is the second largest source of greenhouse gas (GHG) emissions.2 Ammonia38

(NH3) emissions from manure can reach 70% of the excreted nitrogen (N) and can deposit39

into water ecosystems or transform into nitrous oxide (N2O), further contributing to cli-40

mate change.3 Manure management in livestock operations contributes 71% of the total NH341

emissions in the U.S.; this surpasses (by far) the 14% contribution of mineral fertilizers, with42

dairy alone representing 23% of these livestock emissions.4 There is also evidence that NH343

emissions have negative impacts on biodiversity and can promote formation of particulate44

matter in the atmosphere.5 In addition to affecting air and water quality, N losses reduce45

availability of nutrients for crop production (increasing fertilizer costs for farmers).46

The deployment of manure processing technologies such as anaerobic digestion (AD)47

and solid-liquid separation (SLS) can help mitigate environmental impacts. AD can be used48

to recover biogas and this can be used to produce electricity.6 Biogas can also be purified49

and be used as renewable compressed natural gas (rCNG) for vehicle transportation. The50

deployment of AD systems can reduce manure GHG emissions by more than 50%; this re-51

duction is mostly due to mitigation of CH4 emissions that originate from manure storage.7
52

Renewable power obtained from biogas can also offset carbon emissions from grid electric-53

ity.8
54

Despite the many environmental benefits of manure processing technologies, their adop-55

tion is still limited by high capital, operational, and maintenance costs (e.g., investment56
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might not be feasible for small or even some large operations).9 Strategies that reduce ma-57

nure handling and technology costs and increase potential revenues (via sales of recovered58

products) are needed to promote the widespread adoption. Moreover, policy that incen-59

tivizes mitigation of environmental impacts (e.g., via nutrient and carbon credits) and/or60

recovery of value-added products is needed.61

The environmental impacts of manure management pathways can be quantified using62

life cycle assessment (LCA). The impacts of manure management have typically been ex-63

plored as a subset of broader LCA studies that focus on the entire value chain of dairy prod-64

ucts.8,10,11 Other LCA studies have evaluated biogas production from manure and a mix of65

agricultural feedstocks in order to assess GHG emissions and fossil fuel consumption. De66

Vries et al.12 evaluated the environmental impacts of manure separation by reverse osmo-67

sis; this study found higher overall impacts when compared to management of raw manure68

but also found reduced GHG emissions and depletion of fossil fuels with the addition of an69

AD system. Poeschl et al.13,14 compared different AD systems that process single and mixed70

feedstocks. The study concluded that straw and corn silage produced the most biogas when71

evaluating single-feedstock technologies and combining municipal solid waste with agricul-72

tural and food residues produced the most biogas within co-digestion technologies. Ebner73

et al.15 conducted an LCA for an AD system that co-digests dairy manure and industrial74

food waste; the study concluded that GHG emissions can be reduced by 70% (compared to75

conventional treatment of manure and food waste).76

Most of these studies have not included an evaluation of inherent conflicts (trade-offs)77

that exist between environmental and economic metrics of different technology pathways.78

Process and systems engineering methodologies have been widely used in the field of en-79

vironmental management to conduct systematic modeling and support decision-making80

over trade-offs. Applications reported include economic and environmental trade-offs in81

energy systems,16–18 process optimization of waste processing technologies,19–22 conversion82

of biomass to chemicals,23 design and improvement in food-energy-water nexus and circu-83

lar economy,24–28 etc. Specifically for the organic waste management problem, supply chain84
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network optimization has been used to describe and capture material transformation, logis-85

tical issues, and related economic and environmental aspects. Environmental and economic86

metrics can be further incorporated within conflict resolution (multiobjective) optimization87

models to systematically analyze inherent trade-offs and to identify solutions that best bal-88

ance such trade-offs. A fundamental issue that arises here, however, is that the number of89

metrics to be explored is typically large. Typical LCA optimization studies have targeted up90

to three metrics; this is because exploring and visualizing the Pareto frontier is not straight-91

forward in higher dimensions.29–31 Moreover, different stakeholders prioritize metrics dif-92

ferently (e.g., water quality over air quality); as such, it is necessary to identify solutions93

that can best resolve conflicts.94

In this work, we present a conflict analysis and resolution framework that integrates95

techno-economic analysis (TEA), LCA, and supply chain (SC) optimization. We use this96

framework to investigate deployment scenarios for technology pathways in the Upper Ya-97

hara watershed region of Wisconsin. Here, we evaluate multiple important LCA metrics98

(GHG emissions, ammonia emissions, fossil energy use, and N/P/K release) and TEA met-99

rics (cost and revenue) for different pathways that include manure collection, storage, ap-100

plication, and processing (anaerobic digestion and solid-liquid separation). The metrics are101

embedded within a comprehensive SC model that makes decisions on technology selection,102

sizing, placement and product transport in the study area. A conflict resolution procedure103

is used to explore trade-offs associated with these decisions and to identify optimal com-104

promise solutions that best balance trade-offs. Our results shed light into key manure pro-105

cessing technologies and management practices that are needed to mitigate specific impacts.106

The results also reveal that there exist non-obvious conflicts and synergies between the ex-107

plored metrics that can be exploited to mitigate multiple impacts simultaneously. We also108

find that the deployment of a diverse set of pathways is needed to fully resolve conflicts.109

The impact of emerging technologies (ultrafiltration and reverse osmosis) and government110

incentives on the resolution of conflicts is also discussed.111
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Computational Framework112

The computational framework proposed includes the following components: quantification113

of environmental and economic metrics, supply chain model, and conflict resolution pro-114

cedure. The environmental and economic metrics for diverse manure management path-115

ways are evaluated using LCA and TEA approaches. These metrics are then used in an SC116

optimization model that makes decisions on technology selection/sizing/placement, trans-117

portation, and production. Trade-offs are explored by solving the SC model repetitively in118

order to minimize/maximize individual metrics and construct a pay-off matrix. A conflict119

resolution procedure is then used to identify an optimal compromise solution that best bal-120

ances the individual metrics. We note that the main methodological novelty of this study121

is to combine multiple computational components to quantify and resolve the conflicts be-122

tween many economic and environmental metrics.123

Life Cycle Assessment124

An LCA model32 was used to estimate i) GHG emissions, ii) NH3 emissions, and iii) deple-125

tion of fossil fuels (DFF) for dairy and beef manure management pathways. These environ-126

mental metrics include manure collection, storage, processing, and land application steps.127

In addition, nutrients (N, P and K) reaching the land were tracked. We conducted analysis128

for a dairy farm with 2,306 animal units (1 AU = 1,000 pound of animal) that manages 1,000129

lactating cows, 605 growing heifers, and 286 mature heifers and dry cows) and for a beed130

farm with 2,478 AU that manages 1,000 bulls and cows, 210 replacement cattle, 750 stocker131

cattle and 750 finishing cattle. Manure characteristics were estimated for each animal type132

for dairy33 and beef34 and aggregated for the herd (Table S1).133

A total of eleven technology pathways were modeled for both dairy and beef farms (Table134

1). Manure is collected from the barn in all pathways and then is either directly land applied,135

stored prior to land application, or processed via sand recovery, AD, mechanical SLS, and136

liquid manure processing to clean water (SLS + ultrafiltration + reverse osmosis) and then137
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land applied. All technical and economic data for the clean water system throughout all138

stages (solid-liquid separation, UF and RO) was obtained from a real-life operation system139

at a dairy facility in the U.S. Manure storage is considered with and without a liner cover140

and manure is land applied by surface broadcast and injection. Table 1 presents a summary141

of each pathway; in this context, a technology is defined as a pathway containing different142

manure handling operation units.143

Table 1: Summary of the operational steps included in each technology pathway.

Technology Processing Unit Storage Type Land Application Method
1 None None Surface
2 None Natural crust Surface
3 Sand recovery Uncovered Surface
4 Sand recovery + AD Uncovered Surface
5 Sand recovery + AD + SLS Uncovered Surface
6 Sand recovery + SLS Uncovered Surface
7 None Covered Injection
8 Sand recovery + AD Covered Surface
9 Sand recovery + AD Uncovered Injection

10 Sand recovery + AD Covered Injection
11 Sand recovery + AD + SLS + UF + RO Uncovered Surface

GHG emissions (expressed in kg CO2-eq) include methane (CH4), direct and indirect ni-144

trous oxide (N2O) from manure, and fossil carbon dioxide (CO2) from the combustion of145

fossil fuels used on-farm. Characterization factors for CH4 and N2O are 28 and 265, respec-146

tively, for a 100-year horizon.35 NH3 (expressed in kg) is emitted from manure during col-147

lection, storage and land application and DFF (MJ) originates from the use of grid electricity148

and diesel for machinery operation.149

Manure handling operations include collection, storage, and land application steps. Ma-150

nure is collected daily with a skid steer that operates with diesel. Manure, digestate, and151

separated manure/digestate liquids and solids are in an open storage for six months before152

land application in April and October. A mineralization rate (conversion of organic nitrogen153

to ammonium36) of 16% is assumed for the given storage duration.37 An organic crust is154

modeled in technology scenarios without manure processing due to higher TS in manure,155

which decreases CH4 and NH3 emissions but increases N2O emissions.37 Liner covers of156
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the storage system (a pond) are also modeled. Manure is agitated and then land-applied157

by surface broadcast with diesel applicators or with manure injection to mitigate NH3 emis-158

sions. In other words, land application requires hauling and thus consumes fossil fuels and159

generates carbon emissions.160

Mechanical SLS is modeled using a screw press that runs on electricity with separation161

efficiencies reported in Aguirre-villegas et al.38 A plug-flow digester is used to produce bio-162

gas considering a 28-day retention time. Electricity is generated from biogas (65% CH4 with163

a LHV of 36 MJ/m3) at 35% and 50% electric and thermal efficiency, respectively. We note164

that the final methane production is assumed based on typical methane volumetric compo-165

sitions, which includes all losses as it is based on empirical data.39 The digester is heated166

using 20% of the thermal energy generated during electricity production. It is assumed that167

the remaining thermal energy is lost. In addition, the digester demands 17% of the daily168

produced electricity.32 Total ammoniacal nitrogen (TAN) is increased by 35% due to miner-169

alization during the digestion process.37 It is assumed that the produced electricity is used170

on farm with surplus injected into the electricity grid. This electricity is renewable and off-171

sets both the lifecycle GHG emissions and the DFF embedded in grid electricity. The offsets172

are expressed as metric benefits (negative GHG and DFF).173

We consider a pathway that generates clean water from manure (we refer to this as the174

clean water pathway). This system requires prior AD and consists of three separation sys-175

tems set up in series: a centrifuge, an ultrafiltration system, and a reverse osmosis system.176

Centrifugation achieves higher separation efficiencies than screw pressing.40 After centrifu-177

gation, the solid fraction is stored for six months before land application and the liquid178

digestate is further separated into an untrafiltration concentrate (UFC) stream (containing179

most of the P) and an ultrafiltration permeate (UFP) stream. After centrifugation, the solid180

fraction is stored for six months before land application and the liquid digestate is further181

separated into an ultrafiltration concentrate (UFC) stream and an ultrafiltration permeate182

(UFP) stream (see Table S2 for separation efficiencies). Equations and emission factors used183

to estimate GHG, NH3 emissions and DFF, and total environmental metrics for the eleven184
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technologies are presented in supporting information.185

We highlight that different pathways can have steps in common; for instance, AD is a186

common step in many of them. This highlights the fact that there are complex dependen-187

cies between technologies and intermediary products. We also highlight that all pathways188

generate a nutrient-rich stream that needs to be disposed of. The nature of these streams189

is different (e.g., contain less or more water) and can thus be transported to a different geo-190

graphical location to mitigate nutrient pollution (e.g., from nutrient-rich to nutrient-deficient191

regions)192

Techno-Economic Analysis193

Techno-economic analysis was conducted to evaluate the investment and operational costs194

of each technology pathway in Table 1. The first step in TEA is to construct a general mass195

balance (product transformation relationships) based on the LCA model and literature data196

and it is provided in Table S3 and S4. The investment cost of each technology pathway197

mainly involves the cost of corresponding equipment, and the operational cost mainly in-198

volves utility and maintenance costs. Both of those costs are estimated by scaling from data199

reported based on the mass balance. We note that the purpose of this section is to obtain200

estimated costs within reasonable orders of magnitude instead of accurate cost analysis. We201

provide a brief overview below, and readers can refer to the supporting information for202

more details on the TEA methodology.203

Manure needs to be collected first before being processed, and a standard manure col-204

lection cost, 0.3 USD/cow/day is applied to all pathways. Collected manure can be stored205

and land applied (pathway 2 and 7). The investment cost of storage systems includes a fixed206

construction cost and a proportional cost (related to storage volume). For storage systems207

with cover, a fixed average additional covering cost is applied.41 The stored manure retains208

more than 99% of its original weight, and the loss is mainly due to the emission of gas and209

evaporation.210
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Sand recovery systems are needed before AD to adjust the solid content by diluting the211

manure and increase the stream weight. Due to the limited cost data of the sand recov-212

ery system, we assume that both investment and operational costs are proportional to the213

processing amount (facility size).42 The sand-recovered manure can be used for AD; AD214

converts manure into digestate and biogas, and in this analysis, generated biogas is con-215

verted to electricity by a generator. The investment cost of the digester is obtained using216

the so-called 6/10 power-law regression to capture the economies of scale.43 The investment217

cost of the electricity generator is set as 2/3 of the corresponding digester (typical estimate218

used in the literature43,44). The operational cost of the AD system includes maintenance cost219

(which represents 10% of investment) and biogas cleaning cost, which is proportional to the220

amount of biogas generated. The investment and operational cost of solid-liquid separation221

equipment (screw press) is obtained from the literature,45 and the cost of UF/RO technology222

is obtained from a real-life operation system at a dairy facility in the U.S.223

Supply Chain Model224

We developed an SC model that aims to systematically make decisions on which technolo-225

gies to deploy and at which location. The model also makes decision on transport of prod-226

ucts (e.g., raw manure) and derived products (e.g., recovered nutrients) between geograph-227

ical locations. In other words, the SC can be seen as a cooperative system that can exchange228

products across farms in order to minimize costs and mitigate environmental impacts.229

The SC optimization model used is extended from46 by integrating multiple economic230

and environmental metrics; this allows us to evaluate the performance of the SC from mul-231

tiple perspectives.232

In the SC model, we have a set of geographical nodes (locations), a set of materials,233

and a set of technologies (technology pathways). Materials can be transported between234

geographical nodes and transformed in technologies, and technologies can be installed in235

certain geographical nodes. The main constraints in the optimization model include material236
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balances and conversion constraints at each location, operational capacity constraints, and237

logical constraints for technology selection and placement.238

The SC model also calculates the total (system-wide) TEA and LCA metrics for the entire239

SC. These metrics contain impacts associated with technology pathways and transporta-240

tion operations. The decision variables of the SC model include product transport flows and241

technology selection and placement. The decision variables are a combination of continuous242

(e.g., flows) and discrete (e.g., selection) variables; the SC model is thus a mixed-integer op-243

timization problem. By adjusting the decision variables, the SC model seeks to minimize the244

TEA and LCA metrics simultaneously. In other words, the SC problem has multiple objec-245

tives that need to be minimized simultaneously. The SC model explored in this work yields246

large-scale optimization problems that are computationally expensive to solve (a single in-247

stance can take hours); for more details, the readers can refer to the supporting information.248

Conflict Analysis and Resolution249

To facilitate the discussion, we denote the collection of decision variables of the SC model as250

x, and the system-wide TEA and LCA metrics as f1(x), f2(x), · · · , fk(x), where k = |I| + 1.251

We further denote the feasible set of the SC model as X , which is defined by the constraints252

(S15)-(S29).253

The economic and environmental metrics considered can be conflicting (decreasing one

increases the other). Such conflicts (trade-offs) can be addressed using multiobjective op-

timization techniques. These techniques traditionally aim to compute the so-called Pareto

front (PF); this front contains all solutions that cannot be improved (in the sense that one can

not further improve an objective without sacrificing another objective). The PF enables vi-

sualization of trade-offs between different metrics (but this is difficult when more than three

metrics are explored). A final decision is often selected from the PF based on expert knowl-

edge or preferences by a decision-maker. This choice can be ambiguous because it relies

on the priorities of the decision-maker (what metrics are prioritized). Moreover, to obtain
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the entire PF, it is necessary to solve an extremely large number of optimization problems

(e.g., by putting different weights or budgets on the different metrics). For instance, in the

multi-stage ε-constraint method,47 one solves the following set of problems:

min fi(x)

x ∈ X

fj(x) ≤ εj, j = 1, 2, · · · , k and j 6= i

(1)

Here, εj is some pre-defined threshold for objective fj(x). This method is not computation-254

ally feasible in our context because computing a single point on the PF requires solving the255

entire SC problem, and the number of points needed to describe the complete PF grows256

exponentially as the number of metrics increases. Sampling strategies are also often neces-257

sary to capture points on different regions of the PF, which can require additional computa-258

tional time. Evolutionary algorithms have also been proposed to reduce the computational259

complexity, such as NSGA-II and MOPSO method.48,49 These algorithms do not guarantee260

optimality and they are not suitable for solving large-scale problems.50
261

An alternative (and more tractable) approach to selecting a solution from the PF is to use262

a conflict resolution framework. Here, we use a technique known as the utopia-tracking263

method, which aims to find a solution that balances all the metrics.51,52 The main idea is to264

identify the best possible value of each metric to obtain what is known as the utopia point.265

In most cases, the utopia point is not achievable (non-reachable) since there are inherent266

conflicts between the different metrics. Instead, this approach aims to find a solution along267

the PF that is closest to the utopia point; this decision is known as the optimal compromise268

solution (OCS).269

The first step in the utopia-tracking method is to determine the best possible performance270

of each metric by solving the k problems indicated by equation (2). The optimal objective271

values for those problems are denoted as f ∗
1 , f

∗
2 , · · · , f ∗

k , and the combination of them (i.e.,272

[f ∗
1 , f

∗
2 , · · · , f ∗

k ]) is called the utopia point.273
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min fi(x), i = 1, 2, · · · , k

x ∈ X
(2)

Metrics typically have different scales (e.g., different physical units), which makes it dif-274

ficult to minimize the distance to the utopia point. As such, it is important to scale the275

metrics properly; this is done by finding the maximum values for the metrics on the PF (i.e.,276

Nadir points). For problems with more than a couple of metrics, the Nadir point can be277

approximated by using a pay-off matrix:53
278

P =



f ∗
1 f12 · · · f1k

f21 f ∗
2 · · · f2k

...
... . . . ...

fk1 fk2 · · · f ∗
k


(3)

In the pay-off matrix P , the diagonal elements are the metric values obtained from (2),279

and the off-diagonal elements fij are the objective values of the following problems (4) (i.e.,280

to optimize over a secondary objective while keeping the primary objective at its optimal281

value). This procedure for constructing the pay-off matrix P is known as lexicographic opti-282

mization.54 The pay-off matrix provides also valuable information on the inherent trade-offs283

between the objectives.284

min fj(x), j = 1, 2, · · · , k and j 6= i

x ∈ X

fi(x) = f ∗
i

(4)

The worst possible values of objective fi(x) on the PF, denoted as fN
i , are approximated285
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by taking the largest value in the pay-off matrix, as indicated by equation (5), where
[
fN
1 , f

N
2 , · · · , fN

k

]
286

denote the approximated Nadir points.287

fN
i = max {fi1, fi2, · · · , fik} (5)

With this information, we can define scaled metrics, denoted as o = [o1, o2, · · · , ok], with288

elements defined in (6). It is clear that, in the scaled space, all metrics are larger than (or289

equal to) zero, and on the PF, the metrics are lower than one. In addition, the utopia point290

in the scaled space is the origin (0, 0). Therefore, the OCS xOC minimizes the distance to291

the origin in the scaled objective space, as indicated in (7); here, ‖ · ‖p represents the p-292

norm used in distance calculation. If the Manhattan norm is applied (p = 1), the problem293

defined in (7) is linear; while if the Euclidean norm is applied (p = 2), the problem becomes294

quadratic (we chose linear for simplicity). We further denote the objective values of the295

optimal compromise solution as fOC = [fOC
1 , fOC

2 , · · · , fOC
k ]296

oi =
fi − f ∗

i

fN
i − f ∗

i

(6)

297

xOC = argmin ‖o‖p (7)

The overall conflict resolution procedure is illustrated in Figure 1. This approach consists298

of the utopia point computation, pay-off matrix computation, and OCS computation. The299

procedure is illustrated graphically in Figure 2 for a setting with a couple of metrics. The300

overall procedure needs to solve the entire SC model a total of k2 + 1 times; each of these301

instances is a mixed-integer linear programming (MILP) problem. In the case study consid-302

ered here, the entire procedure can take weeks to complete. This highlights the complexity303

involved in systematically assessing trade-offs in manure management.304
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Model construction

Solve problem
<latexit sha1_base64="6w4LduylzkyyostZMFJJdVIDQJ4="></latexit>
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i = 1

<latexit sha1_base64="9rbmE5sCWXErY9o/1SnPLdAqti4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9CCuvV654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuqu79eaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx/Cb41z</latexit>

i = 1

<latexit sha1_base64="zg9/aHwTyy8EYyhyqvSenFIWHdo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7bZdu9mE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPGiZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDv1m09cGxGrBxwnPIjoQIm+YBSt5D+Sa+J1yxW36s5AlomXkwrkqHfLX51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07ISdW6ZF+rG0pJDP190RGI2PGUWg7I4pDs+hNxf+8dor9qyATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4lG4K3+PIyaZxVvYuqe39eqd3kcRThCI7hFDy4hBrcQR18YCDgGV7hzVHOi/PufMxbC04+cwh/4Hz+AHBnjcg=</latexit>

j = 1

<latexit sha1_base64="bkYB93tj0qjqrksy24PqJImc1z4=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iril7EohePFewHtEvJptk2bTZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO75+4fNLRMFaF1IrlUrRBrypmgdcMMp61EURyHnDbD0d3Ubz5RpZkUj2ac0CDGfcEiRrCxUmOIrhG76bplr+LNgJaJn5My5Kh13a9OT5I0psIQjrVu+15iggwrwwink1In1TTBZIT7tG2pwDHVQTa7doJOrNJDkVS2hEEz9fdEhmOtx3FoO2NsBnrRm4r/ee3URFdBxkSSGirIfFGUcmQkmr6OekxRYvjYEkwUs7ciMsAKE2MDKtkQ/MWXl0njrOJfVLyH83L1No+jCEdwDKfgwyVU4R5qUAcCQ3iGV3hzpPPivDsf89aCk88cwh84nz9LDo5J</latexit>

j = i?
<latexit sha1_base64="GmukpAYV+1kBDShZQ5MyghCpYRA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPQiFL14rGA/pF1KNs22aZPskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QUNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHQ79ZtPVGkWyQczjqkvcF+ykBFsrPQ4RNdoiM6Q1y2W3LI7A1omXkZKkKHWLX51ehFJBJWGcKx123Nj46dYGUY4nRQ6iaYxJiPcp21LJRZU++ns4Ak6sUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhFd+ymScGCrJfFGYcGQiNP0e9ZiixPCxJZgoZm9FZIAVJsZmVLAheIsvL5PGedm7KLv3lVL1JosjD0dwDKfgwSVU4Q5qUAcCAp7hFd4c5bw4787HvDXnZDOH8AfO5w9NL47F</latexit>

j = j + 1

Solve problem
<latexit sha1_base64="j7qZ/YVXjDcUZj/tfYOEaUKlbis="></latexit>

min fj(x)

x 2 X
fi(x) = f⇤

i

<latexit sha1_base64="peYpHZJt++Ph0XipjhkEpJkbcHU=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iril7EohePFewHtEvJptk2bTZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO75+4fNLRMFaF1IrlUrRBrypmgdcMMp61EURyHnDbD0d3Ubz5RpZkUj2ac0CDGfcEiRrCxUmOIrtHopuuWvYo3A1omfk7KkKPWdb86PUnSmApDONa67XuJCTKsDCOcTkqdVNMEkxHu07alAsdUB9ns2gk6sUoPRVLZEgbN1N8TGY61Hseh7YyxGehFbyr+57VTE10FGRNJaqgg80VRypGRaPo66jFFieFjSzBRzN6KyAArTIwNqGRD8BdfXiaNs4p/UfEezsvV2zyOIhzBMZyCD5dQhXuoQR0IDOEZXuHNkc6L8+58zFsLTj5zCH/gfP4AThiOSw==</latexit>

j = k?

<latexit sha1_base64="PAZaDh8U5NoaTq1GNKGhyJG3s78=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9CIGvXiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh7cRvPlFtmJIPdpTQUOC+ZDEj2DqpwdAVGl53S2W/4k+BFkmQkzLkqHVLX52eIqmg0hKOjWkHfmLDDGvLCKfjYic1NMFkiPu07ajEgpowm147RsdO6aFYaVfSoqn6eyLDwpiRiFynwHZg5r2J+J/XTm18GWZMJqmlkswWxSlHVqHJ66jHNCWWjxzBRDN3KyIDrDGxLqCiCyGYf3mRNE4rwXnFvz8rV2/yOApwCEdwAgFcQBXuoAZ1IPAIz/AKb57yXrx372PWuuTlMwfwB97nD0yPjko=</latexit>

i = k?

<latexit sha1_base64="zEOkWIx3wUr8REXU+wErtJCh1nk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklE0YtQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut7O0vLK6tl7YKG5ube/slvb2GyZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4e3Ebz5xbUSsHnCUcD+ifSVCwShaqSXINRHk1OuWym7FnYIsEi8nZchR65a+Or2YpRFXyCQ1pu25CfoZ1SiY5ONiJzU8oWxI+7xtqaIRN342vXdMjq3SI2GsbSkkU/X3REYjY0ZRYDsjigMz703E/7x2iuGVnwmVpMgVmy0KU0kwJpPnSU9ozlCOLKFMC3srYQOqKUMbUdGG4M2/vEgaZxXvouLen5erN3kcBTiEIzgBDy6hCndQgzowkPAMr/DmPDovzrvzMWtdcvKZA/gD5/MH8uCOmQ==</latexit>

i = i + 1
Objective scaling

<latexit sha1_base64="PAZaDh8U5NoaTq1GNKGhyJG3s78=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9CIGvXiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vf3tLyyuraemGjuLm1vbNb2ttvGJVqQutEcaVbETaUM0nrlllOW4mmWEScNqPh7cRvPlFtmJIPdpTQUOC+ZDEj2DqpwdAVGl53S2W/4k+BFkmQkzLkqHVLX52eIqmg0hKOjWkHfmLDDGvLCKfjYic1NMFkiPu07ajEgpowm147RsdO6aFYaVfSoqn6eyLDwpiRiFynwHZg5r2J+J/XTm18GWZMJqmlkswWxSlHVqHJ66jHNCWWjxzBRDN3KyIDrDGxLqCiCyGYf3mRNE4rwXnFvz8rV2/yOApwCEdwAgFcQBXuoAZ1IPAIz/AKb57yXrx372PWuuTlMwfwB97nD0yPjko=</latexit>

i = k?

<latexit sha1_base64="zEOkWIx3wUr8REXU+wErtJCh1nk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklE0YtQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut7O0vLK6tl7YKG5ube/slvb2GyZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4e3Ebz5xbUSsHnCUcD+ifSVCwShaqSXINRHk1OuWym7FnYIsEi8nZchR65a+Or2YpRFXyCQ1pu25CfoZ1SiY5ONiJzU8oWxI+7xtqaIRN342vXdMjq3SI2GsbSkkU/X3REYjY0ZRYDsjigMz703E/7x2iuGVnwmVpMgVmy0KU0kwJpPnSU9ozlCOLKFMC3srYQOqKUMbUdGG4M2/vEgaZxXvouLen5erN3kcBTiEIzgBDy6hCndQgzowkPAMr/DmPDovzrvzMWtdcvKZA/gD5/MH8uCOmQ==</latexit>

i = i + 1

<latexit sha1_base64="9rbmE5sCWXErY9o/1SnPLdAqti4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9CCuvV654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuqu79eaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx/Cb41z</latexit>

i = 1

<latexit sha1_base64="cVwLZD+fTskfLSQIo+JUAyuWiCk=">AAACEXicbVBNS8MwGE7n15xfVY9egkMYgqMVRS/C0IsnmeA+YOtKmqZbWJqWJBVG2V/w4l/x4kERr968+W9MtyK6+UDC8zzv+5K8jxczKpVlfRmFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG15l9dY9EZJG/E6NYuKEqM9pQDFS2nLNSuRSeAG7fiAQTgMtjqC+e4fjTPRufqRrlq2qNQGcJ3ZOyiBH3TU/u36Ek5BwhRmSsmNbsXJSJBTFjIxL3USSGOEh6pOOphyFRDrpZKMxPNCOD4NI6MMVnLi/J1IUSjkKPd0ZIjWQs7XM/K/WSVRw7qSUx4kiHE8fChIGVQSzeKBPBcGKjTRBWFD9V4gHSGejdIglHYI9u/I8aR5X7dOqdXtSrl3mcRTBHtgHFWCDM1AD16AOGgCDB/AEXsCr8Wg8G2/G+7S1YOQzu+APjI9vgi2bjQ==</latexit>

oi =
fi � f⇤

i

fN
i � f⇤

i

Solve problem
<latexit sha1_base64="Kmtlf4jyZLD/vCHjf6WSZv2eXTE=">AAACFnicbVDLSgMxFM3UV62vqks3wSK40DIjim6EYjfurGAf0Kklk2ba0CQzJBmxjPMVbvwVNy4UcSvu/BvT6Sy09UDgcM653NzjhYwqbdvfVm5ufmFxKb9cWFldW98obm41VBBJTOo4YIFseUgRRgWpa6oZaYWSIO4x0vSG1bHfvCNS0UDc6FFIOhz1BfUpRtpI3eJh7Ho+vE9u46tqAs9h7EoOkey7B5yKBLoPMA0EY9oNu8WSXbZTwFniZKQEMtS6xS+3F+CIE6ExQ0q1HTvUnRhJTTEjScGNFAkRHqI+aRsqECeqE6dnJXDPKD3oB9I8oWGq/p6IEVdqxD2T5EgP1LQ3Fv/z2pH2zzoxFWGkicCTRX7EoA7guCPYo5JgzUaGICyp+SvEAyQR1qbJginBmT55ljSOys5J2b4+LlUusjryYAfsgn3ggFNQAZegBuoAg0fwDF7Bm/VkvVjv1sckmrOymW3wB9bnD6canm0=</latexit>

xOC = arg minkokp

Output Optimal
Compromise Solution

Utopia point generation Pay-off matrix construction Optimal compromise solution generation

Y

N

Y

Y

N

N

Y

N

Y

N

Figure 1: Decision-making procedure using the utopia-tracking method

minimize only

m
inim

ize
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Utopia point
<latexit sha1_base64="cYADvQGs8omWgPOKuaSBHjJOblg=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSLUIiUpih6LXjxWsB/QpmGz3bRLN5uwu1FK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/JgzpW3721pZXVvf2Mxt5bd3dvf2CweHTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o9up33qkUrFIPOhxTN0QDwQLGMHaSL1S4Dm98jkKvGqvfOYVinbFngEtEycjRchQ9wpf3X5EkpAKTThWquPYsXZTLDUjnE7y3UTRGJMRHtCOoQKHVLnp7OoJOjVKHwWRNCU0mqm/J1IcKjUOfdMZYj1Ui95U/M/rJDq4dlMm4kRTQeaLgoQjHaFpBKjPJCWajw3BRDJzKyJDLDHRJqi8CcFZfHmZNKsV57Ji318UazdZHDk4hhMogQNXUIM7qEMDCEh4hld4s56sF+vd+pi3rljZzBH8gfX5A6ADkKQ=</latexit>

(f⇤
1 , f⇤

2 )

<latexit sha1_base64="6vKeo6Wka8evT6kzR+pOuUxm1gM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0EPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqleruveXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDxh42S</latexit>

f1

<latexit sha1_base64="6vKeo6Wka8evT6kzR+pOuUxm1gM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0EPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqleruveXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDxh42S</latexit>

f1

<latexit sha1_base64="SYapB/KRiF3zsfGhZ8abId9jF60=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Bf65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8Slq1qndZde8vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDzC42T</latexit>

f2

<latexit sha1_base64="SYapB/KRiF3zsfGhZ8abId9jF60=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Bf65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8Slq1qndZde8vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDzC42T</latexit>

f
2

minimize
while

minimize
while

<latexit sha1_base64="S9BPPCkOxjqvQuxvdZXsaCQW2ts=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSKIh7Iril6EohePFewHbGvJptk2NLtZklmhLP0ZXjwo4tVf481/Y9ruQVsfJDzem2FmXpBIYdB1v52l5ZXVtfXCRnFza3tnt7S33zAq1YzXmZJKtwJquBQxr6NAyVuJ5jQKJG8Gw9uJ33zi2ggVP+Ao4Z2I9mMRCkbRSn7Y9cg1sf/jabdUdivuFGSReDkpQ45at/TV7imWRjxGJqkxvucm2MmoRsEkHxfbqeEJZUPa576lMY246WTTlcfk2Co9EiptX4xkqv7uyGhkzCgKbGVEcWDmvYn4n+enGF51MhEnKfKYzQaFqSSoyOR+0hOaM5QjSyjTwu5K2IBqytCmVLQhePMnL5LGWcW7qLj35+XqTR5HAQ7hCE7Ag0uowh3UoA4MFDzDK7w56Lw4787HrHTJyXsO4A+czx8nyY/d</latexit>

f1 = f⇤
1

<latexit sha1_base64="YspR+MuN3pI/O036e7HBrDiPHwc=">AAAB8nicbVDLSgMxFM3UV62vqks3wSKIizJTFN0IRTcuK9gHTMeSSTNtaCYZkjtCGfoZblwo4tavceffmLaz0NYDCYdz7uXee8JEcAOu++0UVlbX1jeKm6Wt7Z3dvfL+QcuoVFPWpEoo3QmJYYJL1gQOgnUSzUgcCtYOR7dTv/3EtOFKPsA4YUFMBpJHnBKwkh/1avga2//xrFeuuFV3BrxMvJxUUI5Gr/zV7SuaxkwCFcQY33MTCDKigVPBJqVualhC6IgMmG+pJDEzQTZbeYJPrNLHkdL2ScAz9XdHRmJjxnFoK2MCQ7PoTcX/PD+F6CrIuExSYJLOB0WpwKDw9H7c55pREGNLCNXc7orpkGhCwaZUsiF4iycvk1at6l1U3fvzSv0mj6OIjtAxOkUeukR1dIcaqIkoUugZvaI3B5wX5935mJcWnLznEP2B8/kDKtuP3w==</latexit>

f2 = f⇤
2

<latexit sha1_base64="6vKeo6Wka8evT6kzR+pOuUxm1gM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0EPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqleruveXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDxh42S</latexit>

f1
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Figure 2: Illustration of utopia-tracking method for problems with two objectives.
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Case Study305

In this section, we demonstrate the applicability of the proposed computational framework306

by targeting a case study in Wisconsin.307

Study Region: Upper Yahara Watershed308

The map in Figure 3 shows the geographical location and boundary of the study region,309

as well as the location of croplands and farms (beef and dairy). The Upper Yahara Water-310

shed (Lake Mendota basin) has been used as a case study to evaluate the impact of manure311

storage,55 manure pelletization,56 and nutrient recovery technologies.57,58
312

The study region is affected by nutrient pollution due to intensified agricultural activi-313

ties; the Dane County has made continuous efforts to reduce nutrient pollution (especially314

P loading) to improve water quality in the lakes (e.g., nutrient pollution leads to HABs). To315

highlight the degree of nutrient pollution in the region, we define the nutrient balance index316

(NBI) as the ratio of nutrient applied to land to the amount of nutrient that is removed by317

crops. This implies that when NBI is greater than one, the nutrient will accumulate in the318

region and potentially create nutrient pollution issues while, when NBI is less than one, it319

indicates that there is a nutrient deficiency in the soil (overall soil fertility may be declining320

and therefore is not sustainable in the long-run). The NBI value for P in the Upper Yahara321

Watershed in 2012 and 2013, was estimated to be 1.95 and 1.35, respectively.58 This means322

that this region has a significant P imbalance.323

Previous studies have found that, to reduce P loading and HABs, the most effective324

strategies are manure storage (shift land application time), manure transportation (shift lo-325

cation for land application), and solid-liquid separation (concentrate nutrients for improved326

transportation). Unfortunately, these strategies can have a negative impact on other envi-327

ronmental metrics. For example, fossil fuels are consumed in the transport and processing328

of manure; in addition, manure storage leads to significant CH4 emissions38 (due to the329

anaerobic environment created when liquid and slurry manure are stored). Moreover, the330
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Figure 3: Geographical boundary and agricultural activities in Upper Ya-
hara Watershed: red circles are farms with the size representing amount
of manure produced annually, and green areas represent croplands with
dark green representing high cropland density
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crops considered in the region have different nutrient demand levels. If we consider all the331

key nutrients for crop growth, such as N and potassium (K), we estimated the NBI for N,332

P, and K to be 1.27, 1.65, and 1.47, respectively (in 2017). We thus have that all nutrients333

are imbalanced; although P is the main nutrient that causes nutrient pollution in inland wa-334

terbodies, it has been reported that N contributes to nutrient pollution in groundwater.59
335

In addition, up to 70% of the excreted N in manure can be emitted as NH3 in livestock op-336

erations.3 These losses represent 80-90% of the global anthropogenic NH3 emissions60 that337

can redeposit and lead to impaired waterways,61 or further transform to particulate matter338

or N2O. As a result, animal agriculture farmers, researchers, and policy makers need to be339

aware of current emission levels to target future mitigation strategies. A suitable technology340

deployment solution should thus take all these metrics and conflicts into account and enable341

a more comprehensive decision-making process. The data and setting of the supply chain342

system in this study region is given in supporting information.343

Scenario Description344

For the baseline scenario (Scenario 1), we only include prevalent technology pathways (tech-345

nology 1-10 in Table 1) and we study the UF/RO pathway separately. All value-added prod-346

ucts (such as electricity) are sold directly under current market prices (without any subsidies347

from the government). The conflict resolution procedure described in Figure 1 is followed to348

compute the OCS. Because we have a total of 7 metrics, we need to solve 7 MILP problems to349

find the utopia point, 42 MILP problems to construct the pay-off matrix, and one additional350

MILP to obtain the OCS. This gives a total of 50 MILP problems.351

We note that, with the specified study area and corresponding data, each SC model is352

a large-scale MILP problem. For example, a typical model contains 2,548,727 continuous353

variables, 9,280 binary variables, and 313,699 linear constraints. The SC models were imple-354

mented using the Julia-based modeling framework JuMP (Version 0.21.2) and were solved355

with Gurobi (Version 9.0.3). The models are computationally challenging; solving the en-356
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tire set of 50 MILPs require weeks to complete. This illustrate the complexity involved in357

resolving conflicts in complex SCs such as those arising in manure management. Some of358

the problems were not solved to optimality within the imposed 35-hour time limit. The359

time limit is set to balance the trade-off between the solution quality and data storage is-360

sues coming from large branching of MILPs. In such cases, the best solution found (usually361

with an optimality gap less than 10%) is used for analysis. We note that these suboptimal362

solutions are close to the potential optimal ones and will not impact our main analysis and363

conclusions.364

In Scenario 2, we introduce an UF/RO technology pathway to produce clean water from365

manure (technology 11 in Table 1) and determine the impact of this technology on the LCA366

and TEA metrics. Scenario 3 considers prevalent technologies with subsidies introduced367

into the SC in the form of energy credits (i.e., the system will obtain additional profits when368

it recovers renewable energy from livestock manure). For Scenarios 2 and 3, the same con-369

flict resolution procedure is followed to analyze how external factors can manipulate the370

OCS and provide insights to policy-makers and stakeholders. Scenario 3 is included in the371

supporting information due to space limit.372

Results and Discussion373

Base Scenario: Payoff Matrix and Optimal Compromise Solution374

Table 2 presents the pay-off matrix for Scenario 1. Here, the utopia point consists of the375

diagonal elements (highlighted as ∗), and the nadir point consists of the maximum values of376

each column (highlighted as ·). We use the notation M1 −M2 to denote the problem with377

metric M1 as the primary objective and metric M2 as the secondary objective. For example,378

Cost−GHG represents the problem that keeps the cost at a minimum value and minimizes379

GHG emissions (row 1 and column 2). The notation M1 −M1 represent the problem with380

M1 as the only objective. In addition, we use the notation M1 − ∗ to represent the problem381
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whose primary objective is M1.382

Table 2: Pay-off matrix, utopia point, and OCS of Scenario 1

Metric Cost GHG NH3 DFF Net N Net P Net K

Unit million USD tonne CO2-eq tonne NH3-eq GJ tonne N tonne P tonne K
per year per year per year per year per year per year per year

(1) min Cost 10∗ 19389 2201 34 2297 262 2008
(2) min GHG 19 236∗ 1966 -705 2538 283 2146
(3) min NH3 12 37911 494∗ 39 851 34 1537
(4) min DFF 20 537 2050 -706∗ 2153 285 2069

(5) min Net N 22 45669 1940 -112 149∗ < 0.1 1418
(6) min Net P 16 800 669 -697 150 0∗ 1400
(7) min Net K 19 9718 1253 -580 208 <0.1 1400∗

min value 10 236 494 -706 149 0 1400
max value 22 45669 2201 39 2538 285 2146
OCS value 22 3776 1322 -670 677 29 1449

scaled value 1.01 0.08 0.49 0.05 0.22 0.10 0.07

The pay-off matrix and utopia point provide useful insights to decision-makers, espe-383

cially regarding the limit behavior of each metric (best and worst values) and the global384

conflicts between metrics. For instance, we can see that the total cost conflicts with all other385

environmental objectives. In other words, it is not profitable to reduce any of the analyzed386

environmental impacts with traditional technologies. This makes sense, as mitigating envi-387

ronmental impacts requires investment. Within the environmental metrics, the GHG shows388

a strong conflict with nutrient reductions (especially N and K), but a weak conflict with DFF.389

Similarly, DFF shows weak conflicts with nutrient and costs and a strong conflict with NH3.390

The nutrient metrics (N/P/K) show a weak conflict with one another; this indicates that391

these metrics can be potentially improved simultaneously. For detailed analysis of subprob-392

lems presenting in the payoff matrix, readers can refer to the supporting materials.393

As shown by the previous analysis, the system can make extreme or irrational decisions394

when only one or two metrics are considered (and other metrics are ignored). For example,395

fully focusing on minimization of GHG emissions might lead to high nutrient pollution.396

The determination of an OCS seeks to avoid these issues by simultaneously capturing all397

metrics. The metrics obtained for the OCS for Scenario 1 are presented in Table 2. Here,398
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minimum and maximum values from the payoff matrix are listed, OCS values represent399

the performance of the corresponding metric in the original units, and the scaled values are400

obtained from (6), which have a unit of one and represent the relative distance along the401

certain direction.402

Farms with AD & Coverage

43.293° N

43.206° N

43.118° N

43.031° N

89.602°W 89.486°W 89.365°W 89.247°W

Farms
Aggregated Croplands

Transportation of Livestock Waste
Transportation of Liquid Digestate

43.293° N

43.206° N

43.118° N

43.031° N

89.602°W 89.486°W 89.365°W 89.247°W

Farms with Coverage
Transportation of Slurry Digestate
Transportation of Stored Waste

Farms with ADFarms with AD & SLS Transportation of Solid Digestate

Figure 4: OCS designs for Scenario 1, where left figure shows transportation flows of
raw manure, and right figure shows transportation flows of derived products.

The overall cost obtained in the OCS is 22 million USD/year, which is close to the max-403

imum value in the pay-off matrix. This means that, by increasing the cost, the system has404

economic budget flexibility available to improve all other environmental metrics and can405

thus resolve the conflicts among those metrics. We can see that the environmental metrics406

are close to those of the utopia point. The GHG emissions value is 3,776 metric tonnes of407

CO2-eq per year. Although this is higher than the utopia value (236 metric tonnes of CO2-eq408

per year), it is also an order of magnitude smaller than values obtained with other (e.g., for409

problems Cost − GHG, Cost − NH3, and Cost − N ). The DFF value is -670 GJ per year,410

which is only 5% greater than that of the utopia value. A negative value indicates that the411

SC system produces renewable power that can replace fossil-based grid electricity. The net412

nutrient release values are 677, 29, and 1,449 metric tonnes per year for N, P, and K, respec-413

tively. All of these values are close to the utopia values, but we observe that none of the414

nutrients is perfectly balanced. We thus see that OCS is seeking to strike a balance between415
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all the objectives.416

In the scaled objective space, the distance between OCS and the utopia point is 2.01 (with417

optimality gap of 12% after 35 hours of solving). Half of the distance is contributed by the418

cost (1.01), and the rest 6 environmental objectives contribute the remaining distances. This419

again shows that, for the OCS, the cost needs to be sufficiently large so that the environmen-420

tal impact can be reduced and then achieve overall smallest distance to the utopia point.421

Specifically for GHG, DFF, P, and K, all distances contributed by them are less than 0.1.422

The SC design under the OCS is shown in Figure 4. To reduce various environmental im-423

pacts, the system tends to install different types of processing technologies, including AD,424

SLS, and covered storage. In other words, the system diversifies investment in other to hit425

all the metrics involved. There are 31 farms with AD and SLS technologies installed (tech-426

nology 5, blue dots) and 19 farms with AD and covered storage installed (technology 9, grey427

dots). There is one farm with ADs (brown dot) and one farm with covered storage (purple428

dot). We also found that most technologies are installed at medium or large farms, with429

an average farm size of 590 AU. There are also 23 farms directly sending the raw manure430

to nearby lands, most of which are small farms and the unprocessed manure only occupies431

2.5% of all manure in the study region. The average transportation distance of raw manure,432

digestate, solid products, and liquid products are 1.93 km, 2.12 km, 15.95 km, and 1.60 km,433

respectively. Additionally, there is a mix of surface application and injection application434

used in croplands. Around 41.4% of manure in the system is applied by injection. Due to435

the mineralization of organic N after the digestion process, using a cover in storage is not436

sufficient to effectively prevent NH3 emissions and needs to be coupled with injection as a437

method for land application. Manure injection can reduce the NH3 emissions of land appli-438

cation by 95%, and reduce the overall NH3 emissions by 45%. However, injection increases439

GHG emissions by 10% consistently with results presented by Chadwick et al.62 as it creates440

the necessary conditions to convert nitrate to N2O. Therefore, the mixed land application441

method is a technology pathway that seeks to resolve the inherent conflict between GHG442

and NH3 emissions.443
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To summarize, in Scenario 1, most manure is processed by technologies, where 96.9% is444

processed by AD, 52% is processed by SLS, and 45.4% is stored with coverage. Among those445

technologies, AD can create benefits in GHG and DFF reduction, SLS can further provide446

flexibility in product transportation and reduce nutrient losses, and covered storage systems447

are preferred for decreasing NH3 and DFF. The average technology sizes are 600 AU, 530448

AU, and 680 AU, respectively. These technologies contributes 65.5% to the system cost and449

89.4% to the overall GHG emissions, while transportation contributes 34.5% and 10.6% to450

these metrics, respectively.451

Impact of New Technologies452

In Scenario 2, the UF/RO technology pathway (technology 11) is added into the system.453

This technology can provide high efficiency in nutrient separation to obtain clean water454

(but requires higher investment and operational costs). The centrifuge separator produces455

solids with high nutrient content (around 30% more concentrated than screw press). The456

UF and RO byproduct streams are assumed to be used as a liquid digestate products in the457

SC, and can be directly applied on cropland. The UFC and ROC streams have a lower total458

solids content than the liquid digestate in this system, as a centrifuge, with higher separation459

efficiencies, is considered for the clean water separation system vs a screw press for the AD460

system (Table S2). As a result, it is less economic to transport UFC and ROC due to their461

larger water content. Clean water is approximately one third of the initial digestate volume462

and can be directly discharged or consumed by animals (reducing transportation costs). The463

pay-off matrix obtained under Scenario 2 is presented in Table 3.464

The treatment of manure to clean water mainly influences they way nutrients are pro-465

cessed and does not interfere with other metrics (the technologies in Scenario 1 are still466

selected). As a result, values for cost, GHG, NH3 and DFF metrics are similar to those of Sce-467

nario 1. This also indicates that a specific technology reducing an environmental metric in468

Scenario 1 will also achieve such effect in Scenario 2. With this in mind, even if we consider469
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Table 3: Pay-off matrix, utopia point, and OCS of Scenario 2

Metric Cost GHG NH3 DFF Net N Net P Net K

Unit million USD tonne CO2-eq tonne NH3-eq GJ tonne N tonne P tonne K
per year per year per year per year per year per year per year

(1) min Cost 10∗ 19389 2201 34 2297 262 2008
(2) min GHG 19 236∗ 1966 -705 2538 283 2146
(3) min NH3 12 37911 494∗ 39 851 34 1537
(4) min DFF 21 537.4 2050 -706∗ 2087 274 1995

(5) min Net N 28 40669 2009 -163 3∗ 0 1182
(6) min Net P 13 800 577 -697 3 0∗ 1166
(7) min Net K 27 9318 1518 -474 54 0 1166∗

min value 10 236 494 -706 3 0 1166
max value 28 40662 2278 39 2538 283 2146
OCS value 25 4935 1175 -657 563 0 1201

scaled value 0.83 0.12 0.40 0.07 0.22 0 0.33

nutrient as a secondary objective, only transportation can be adjusted and the new UF/RO470

technology will not be selected (resulting in similar values in the pay-off matrix). After the471

treatment of manure to clean water technology is installed, N and K are still not balanced,472

but minimum nutrient release values are achieved due to higher nutrient concentration in473

the demanded solids; this increases the overall system cost by 28.9% and 43.5%, respectively.474

Introducing the new technology only brings additional degrees of freedom to balance P, as475

this was already balanced in Scenario 1. Therefore, some of the problems corresponding to476

P minimization in Scenario 2 show better performance than Scenario 1. Both problem N −P477

and K − P are perfectly P balanced, and problems P − ∗ also shows lower NH3 emissions478

and DFF consumption. This indicates that the new technology provides flexibility to balance479

nutrients. For detailed analysis, readers can refer to the supporting information.480

The OCS of Scenario 2 was estimated by using the conflict resolution procedure; the re-481

sults are shown in Table 3. The cost of the OCS is increased by around 3 million USD/year482

compared with Scenario 1, mainly due to the installment of new technologies. The net N483

and K releases are reduced by 16.1% and 17.3%, respectively, and P can be perfectly bal-484

anced. On the other hand, the GHG and DFF values are increased slightly, mainly due to the485

decreased biogas production. Generally, the new technology makes nutrient recovery easier486
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and endows the ability to achieve lower nutrient release. If we look at the scaled objective487

space, the new OCS shows a similar composition to Scenario 1, where the cost contributes488

almost half of the total distance, and all environmental metrics are properly improved with489

increased investment. While some of the metrics have slightly worse performance, the new490

OCS moves toward ideal nutrient management, and it is also closer to the utopia point. The491

scaled distance to the new utopia point is 1.66 (with optimality gap of 14.9% after 35 hours of492

solving). If we use the minimum and maximum values in Scenario 1 for scaling, the distance493

is 1.73, which is decreased by 14.3%.494

The SC design obtained with the OCS is shown in Figure 5. It is clear that the system495

installs different types of technologies to balance conflicts between environmental metrics.496

In total, 53 farms have AD installed and can process 99.2% of manure, 7 of which are ac-497

companied by uncovered storage systems (technology 8), 33 farms have covered storage498

systems (technology 9), and 13 of which are equipped with SLS (technology 5). The aver-499

age sizes of the technologies are 350 AU, 510 AU, and 440 AU, respectively. There are four500

large treatment of manure to clean water technologies (average size of 2050 AU) installed501

that can process 25.9% of manure in the region. Compared with Scenario 1, where 52% of502

manure is processed by AD and SLS, the new treatment of manure to clean water technol-503

ogy replaced almost half of the nutrient recovery task. The total amount of unprocessed504

manure is also decreased from 2.5% to 0.8% under this new setting. The number of AD505

systems is increased in order to balance out the additional GHG emissions in transporting506

raw manure to centralized facilities. For this scenario, the average transportation distance of507

raw manure, digestate, solid products, liquid products, and UFC/ROC are 2.50km, 1.62km,508

11.83km, 0.98km, and 2.50km, respectively. The transportation, investment, and operational509

cost is increased by 12.6%, 14.4%, and 6.2%, respectively. The additional technology cost are510

mainly introduced by the UF/RO technologies used. The transportation cost is increased511

because more manure in the system is processed and also because the more concentrated512

solid is sold to external customers and the system needs to move diluted streams to balance513

nutrients in the region.514
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Figure 5: OCS designs for Scenario 2, where left figure shows transportation flows of
raw manure, and right figure shows transportation flows of derived products.

Conclusions and Future Work515

We presented a computational framework that uses techno-economic analysis and life-cycle516

assessment to evaluate diverse economic and environmental impacts of manure processing517

technologies. These impacts are captured in a multi-objective supply chain optimization518

problem that makes decisions on technology selection/placement and product transporta-519

tion. The framework also incorporates a conflict analysis and resolution procedure to sys-520

tematically navigate trade-offs and resolve conflicts. We applied this framework in a case521

study of Upper Yahara Watershed in the State of Wisconsin. The pay-off matrix generated522

indicates that the system will not process any manure if the system aims to minimize cost523

(because land application is the least expensive option). We also found that there are strong524

conflicts between cost and environmental metrics (GHG emissions, NH3 emissions, and nu-525

trient emissions). We also found that phosphorus can be balanced more easily in the region526

than nitrogen and potassium. Some complex conflicts between environmental metrics are527

also revealed in the pay-off matrix (such as GHG emissions and nutrient emissions and GHG528

emissions and NH3 emissions). The optimal compromise solution obtained shows that, to529

achieve the closes solution to the utopia point, the system cost needs to be increased signif-530
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icantly (the system needs economic budget flexibility) so that other environmental metrics531

can be improved together. The decisions obtained also involve a mixed use of different tech-532

nologies (anaerobic digestion and solid-liquid separation) and strategies regarding storage,533

transportation, and land application to improve environmental metrics efficiently. We also534

tested the impact of novel technologies and incentives on the optimal comprise solution. We535

found that the treatment of manure using wastewater purification technologies is able to re-536

place most solid-liquid separation technologies in the optimal compromise solution (despite537

of its relatively high costs) due to its better separation efficiency. We also found that renew-538

able energy incentives are not able to improve the environmental metrics of the system, but539

they can mitigate the conflict between GHG emissions and cost. The optimal compromise540

solution also shows that the system can generate a profit, with slight changes of environ-541

mental metrics.542

For future work, we plan to further improve the metric selection process. In our current543

analysis of livestock manure management, the type of environmental metrics included are544

mainly derived from expert knowledge. While these metrics generally represent the most545

important aspects in the system, from the perspective of optimization, some of those met-546

rics can be correlated because of their complex interactions. Therefore, some mechanism for547

prior selection of metrics could be beneficial. We will also seek to understand the poten-548

tial barriers of deploying optimal compromise decisions in those systems. Our results show549

that some incentives might only improve economic performance (and not environmental550

outcomes); as such, we will use our methodology to investigate incentive strategies that can551

displace the entire set of metrics (e.g., nutrient credits and carbon taxes). We are also in-552

terested in identifying optimal compromise solutions for pre-defined economic budgets (as553

those are typically of interest to stakeholders); obtaining such types of solutions will require554

a significant amount of computation. We are also interested in investigating algorithms to555

handle the high computational complexity of the problems under study (which currently556

take weeks to solve). Finally, we are interested in developing a software tool by integrating557

the computational framework, so that it can support policy-makers in decision-making of558
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farm operations at a systems level. We envision it could help identify proper technologies559

and waste processing strategies to best resolve the conflicts between economic and environ-560

mental metrics in a specified study region.561
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