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Manure	Management	

Some	Info:			
	U.S.	Farm	Animals	Produce	2	Times	the	Amount	of	Waste	of	EnLre	Human	PopulaLon	
	Single	Dairy	Cow	Generates	20	Tons	of	Waste/year	
	There	are	9	Million	Cows	in	the	U.S.	(1.2	Million	in	Wisconsin)	

QuesLons:			
				-	What	are	Key	Technologies	and	LocaLons	Given	Constrained	Budgets?	
				-	What	are	OpLmal	Investment,	Financing,	and	TransportaLon	Strategies?	
				-	How	to	Reconcile	PrioriLes	(Geographical/Phosphorus/Methane/Health/Not-in-my-Backyard)?	
				-	How	to	Deal	with	Complexity?	



Atmosphere

Soil

Urban

Sector

Agricultural

Sector

Dairy

Sector

Electrical

Sector

WWTP

Landfill

Sector

Runo↵

Crops/Manure

Dairy

E✏uent

Fertilizer

Imports

Dairy

Exports

Manure

Methane

CO2

Water

Electricity

System Boundary

Rain

Rain/Evaporation

Water

Natural Gas

Sector

Biogas

Biogas

Products

P/N

Biosolids

Struvite

Biochar

Exports

Food-Water-Energy	Nexus	



NavigaLng	Complexity	
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NavigaLng	Complexity	



Stakeholders
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Resolving	Conflicts	Among	Stakeholders	
MulL-ObjecLve	OpLmizaLon	

Weighted	Form		

Stakeholders

Goals:
- Multiple Decision-Makers and Priorities ! Ambiguity, Disagreement

- Identify Alternatives that Maximize Collective Satisfaction
- Identify Impact of Opinions on Final Decision
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ComputaLonal	Tools	
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Case	Studies	on	Struvite	and	Biogas	Recovery	

Goals:

- Consider a spectrum of available budgets

- Identify optimal sizing and location for struvite and biogas recovery

- Consider manure of 100 largest CAFOs in the State of Wisconsin

- Analyze impact of final destinations of recovered products on system layout

- Reconcile priorities from di↵erent types of stakeholders



Case	Studies	(Struvite	Recovery)	
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increase in the amount of waste left unprocessed (a fast decrease in the total amount of struvite311

recovered). Interestingly, since the total mass of struvite recovered in each technology is just 6.47%312

of the total waste processed, it is more economical to process waste locally at the source node and313

then transport struvite to the collection point. This is reflected in the average transporting distance314

for struvite h
str

, which is much higher than that for waste h
Waste

.315

Table 1: Trade-off analysis results for struvite recovery study (without geographical priorities).

Budget
(USD/day)

'I

(USD)
'f

(USD/day)
P

n,t yn,t
'
str

(kg/day)
�u

(%)
h
Waste

(km/day)
h
str

(km/day)
'f,waste

(USD/day)
'f,str

(USD/day)
500,000 102.95 ⇥ 106 485,898 101 6.59 ⇥ 105 0.00 34.97 170.02 448,014 37,281
70,000 102.61 ⇥ 106 55,944 100 6.59 ⇥ 105 0.00 47.86 144.69 18,557 37,387
55,000 102.27 ⇥ 106 40,991 100 6.30 ⇥ 105 4.43 22.81 346.16 5,342 35,649
45,000 93.60 ⇥ 106 32,179 96 5.59 ⇥ 105 15.13 7.21 341.99 818 31,361
35,000 75.10 ⇥ 106 24,713 77 4.53 ⇥ 105 31.27 6.81 328.29 532 24,181
25,000 57.30 ⇥ 106 17,151 59 3.41 ⇥ 105 48.18 6.72 300.44 405 16,746
15,000 38.38 ⇥ 106 9,742 41 2.24 ⇥ 105 65.94 5.47 257.38 213 9,530
10,000 28.78 ⇥ 106 6,058 32 1.63 ⇥ 105 75.25 4.97 216.14 177 5,881
5,000 16.70 ⇥ 106 2,713 18 0.95 ⇥ 105 85.57 0.95 164.58 25 2,688
3,000 11.01 ⇥ 106 1,492 12 0.63 ⇥ 105 90.45 0.43 132.30 10 1,481

The left-hand maps in Figure 5 show the optimal network configuration and associated flows for316

two budget cases. The red circles indicate the farm locations, the yellow ring indicates that a struvite317

recovery technology has been sited at that location, and the yellow circle represents the struvite col-318

lection point. The blue lines are waste flows and the yellow lines are struvite flows. We can see that,319

for the 55,000 USD/day budget case, there are exchanges across nodes so as to take full advantage320

of technology capacities. When the budget is reduced to 15,000 USD/day, all waste is treated on-site321

and struvite is transported to the collection point. This is an indication that waste transportation322

costs dominate.323

4.2 Phosphorus Recovery Analysis (with Geographical Priorities)324

From the tradeoff analysis shown in Table 1 we can see that, in order to process all the waste gener-325

ated by the farms, we would need an investment of over 100 million USD. Under a constrained budget, it326

thus becomes important to prioritize geographical locations. Here we assign priorities to fields based327

on the existing soil phosphorus concentration at that location. In other words, we assign a higher pri-328

ority to waste at endangered areas. Under the proposed framework, this is done by making the waste329

supply cost ↵s
i inversely proportional to the concentration of phosphorus at the corresponding loca-330

tion. In other words, a node with a high concentration of phosphorus will supply waste at a lower331

cost and will thus have preference over other waste suppliers. Our objective is thus to maximize332

struvite demand delivered while minimizing supply waste cost (using the prioritized costs).333

The results of this study are summarized in Table 2 and on the right-hand maps of Figure 1).334

We observe that, when the budget is 55,000 USD/day, the amount of struvite recovered (6.59 x 105335
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Budget = 55, 000 USD/day

'
str

= 6.30x105 kg/day

Budget = 55, 000 USD/day

'
str

= 6.29x105 kg/day

(Geographical Priorities)

Budget = 15, 000 USD/day

'
str

= 2.24x105 kg/day

Budget = 15, 000 USD/day

'
str

= 1.42x105 kg/day

(Geographical Priorities)

Figure 5: Optimal technology locations and product flows under different budgets.
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Constrained Budget

Unconstrained Budget

Daily Cost [$/day] ×10 4

0 2 4 6 8 10

P
e

rc
e

n
ta

g
e

 o
f 

U
n

p
ro

ce
ss

e
d

 W
a

st
e

 [
%

]

0

10

20

30

40

50

60

70

80

90

100



Case	Studies	(Struvite	+	Biogas	Recovery)	
Stakeholder I Stakeholder II

Compromise

http://zavalab.engr.wisc.edu

Table 4: Costs and dissatisfactions under multi-stakeholder compromise solutions.

�
'
str

(kg/day)
'
bio

(m3/day)
'I

(USD)
'f

(USD/day)
'f,waste

(USD/day)
'f,str

(USD/day)
dI

(%)
dII

(%)
dIII

(%)
dIV

(%)
dV

(%)
0 1.24⇥ 105 1.29⇥ 105 79.47⇥ 106 4,114 225 3,889 45 45 0 12 12

0.5 1.25⇥ 105 1.29⇥ 105 79.23⇥ 106 4,147 130 4017 46 43 0 11 12
0.7 1.22⇥ 105 1.32⇥ 105 80.54⇥ 106 3,967 109 3,858 47 42 0 11 13
1 1.07⇥ 105 1.45⇥ 105 84.41⇥ 106 3,436 205 3,231 54 35 0 8 15
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that � = 0 achieves a compromise in which the worst dissatisfaction is minimized and that a value380

of � = 1 achieves a compromise in which the average dissatisfaction is minimized. In Figure 7 we381

present the optimal configuration for these two cases. As can be seen, the first two types of stake-382

holders are the ones with the highest dissatisfactions (this is because they take extreme positions).383

Moreover, the first type of stakeholder focusing on struvite tends to be the most dissatisfied. In par-384

ticular, under the average compromise solution (� = 1), the first stakeholder type will be strongly385

dissatisfied compared to the rest while the worst-case compromise (� = 0) achieves a more even386

dissatisfaction among the stakeholders. Interestingly, in all cases the third stakeholder is fully sat-387

isfied with the compromise (its dissatisfaction is very small). We also observe that the worst-case388

compromise requires less investment but more transportation cost while the average requires more389

investment but less transportation cost. This indicates that the worst-case compromise is seeking to390

please the first kind of stakeholder by producing more struvite, even if this comes at the expense391

of more transportation costs (to the collection point). On the other hand, the average compromise392

pleases the second stakeholder and installs biogas facilities that use the fuel on-site, thus decreas-393

ing transportation. Such trade-offs are not perceptible from the configurations shown in Figure 7,394

where we can really only perceive that the average compromise installs a few more technologies that395

perform joint recovery of biogas and struvite. Again, we see that the compromise solutions cluster396

biogas facilities on the east side of the state and struvite on the west side (close to the collection point).397

Again, this highlights that the collection point has a strong influence on the nature of the system lay-398

out and thus one should be careful in how to select it. Figure 8 illustrates the results for compromise399

solution when two more struvite collection points are included in the study. The nature of solution400

changes drastically, with the struvite facilities now installed in the south and north east Wisconsin.401

Such selection of collection point requires careful deliberations on the final use of struvite. These re-402

sults also indicate that there exist complex trade-offs between different types of environmental impact (water403

vs. air quality) that can result from deploying a sub-optimal layout. As a result, strong dissatisfactions will404

likely exist among stakeholders involved.405

Table 3: Ideal individual solutions for different stakeholder types.

Stakeholder

w
str

(%)
w
bio

(%)
'
str

(kg/day)
'
bio

(m3/day)
'I

(USD)
'f

(USD/day)
'f,waste

(USD/day)
'f,str

(USD/day)
I 100 0 2.24⇥ 105 0.00 38.07⇥ 106 9,786 278 9,508
II 0 100 0.00 2.33⇥ 105 105.48⇥ 106 550 550 0
III 50 50 1.08⇥ 105 1.45⇥ 105 85.12⇥ 106 3,340 109 3,231
IV 33 67 3.38⇥ 103 2.30⇥ 105 104.82⇥ 106 641 600 41
V 67 33 2.24⇥ 105 0.00 38.41⇥ 106 9,739 369 9,370
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Ideal Stakeholder Solutions

Compromise Solutions



Case	Studies	(Struvite	+	Biogas	Recovery)	

Compromise Solution

Compromise Solution

(Single Collection Point)

(Multiple Collection Points)

Key: Final use of recovered products influences technology placement.
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