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Figure S1. Potato production from 1960 – 2017, globally and in China + India.1
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Figure S2. Reactivity study of organic solvents with HMF. Metric to indicate the extent to which HMF is 
degraded on heating in various organic solvents.
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Figure S3. Effect of solvent:water ratio on fraction of HMF extracted. Partition studies using 1 ml of 1 wt. 
% HMF in 25 wt. % LiBr + 0.05 M H2SO4 as aqueous phase.

Figure S4. H-NMR signals for DBCP.
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Figure S5. Chromatogram of standards (a) and PPW extracts (b).

a

b



S5

1 wt.% 2 wt.% 3 wt.% 4 wt.% 5 wt.% 8 wt.%
Glucan Loading

0

20

40

60

80

100

G
lu

co
se

 y
ie

ld
 %

(b
as

ed
 o

n 
th

eo
re

tic
al

 g
lu

ca
n 

in
 P

PW
 s

ta
rc

h)

Figure S6. Effect of feedstock loading on glucose yield.

Figure S7. Residual plots for HMF yield.

Figure S8. Pareto chart of standardized effects on HMF yield.



S6

Glucose fro
m Starch

HMF fro
m Glucose

HMF fro
m PPW

0

20

40

60

80

100

Yi
el

d 
(%

)

Figure S9. Starch conversion to glucose and HMF yield from starch and PPW.

2 3 4 5 6
Pore Diameter (nm)

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Po
re

 V
ol

um
e 

(c
m

³/g
·n

m
)

Figure S10. Pore size distribution of PPW residue biochar.
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Figure S11. XRD of PPW biochar.
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Figure S12. Breakdown of capital and raw material cost.
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Figure S13. Variation in payback period duration as a function of minimum extractive price. Green line is 
the line relating payback period with minimum extractive price. The black lines are used to guide the eyes 
indicating a change in behavior/slope around a MEP of $15.0. 
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Figure S14. Sensitivity Analysis (SA) for change in yield of glucose and HMF. 

Figure S15. Flowsheet of HMF production from potato peels.

Table S1. Experimental factors levels.

Factors Levels
Temperature (°C) 140 150 160
Time (hr) 1 2 3
AlCl3: Glucose mol ratio 0.2 0.5 0.8
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Table S2. Complete Box-Behnken design matrix for glucose dehydration.

 
 Independent variables  Response variables (mol. %)

Run Order Blocks Temperature Catalyst 
Concentration Time

 
HMF 
Yield

Fructose 
Yield

Glucose 
Conversion

1 2 140 80 2 9.41 20.78 24.56
2 2 150 20 3 27.97 19.56 51.76
3 2 160 20 2 28.54 20.33 47.37
4 2 160 50 1 24.06 22.98 44.1
5 2 150 50 2 27.46 26.01 39.47
6 2 140 20 2 3.45 18.31 8.63
7 2 160 80 2 52.02 10.06 82.18
8 2 140 50 1 8.12 21.19 10.45
9 2 150 50 2 32.73 22.82 56.18
10 2 150 20 1 4.67 16.37 15.49
11 2 150 80 1 10.92 21.57 21.18
12 2 150 80 3 53.04 7.05 87.86
13 2 160 50 3 54.05 2.94 93.84
14 2 150 50 2 28.86 22.28 55.37
15 2 140 50 3 24.51 26.69 48.75
16 1 140 20 2 11.59 23.31 9.58
17 1 160 50 1 30.61 22.56 48.12
18 1 160 20 2 25.98 19.86 45.61
19 1 150 20 3 17.89 16.19 40.9
20 1 150 80 1 10.59 19.12 32.56
21 1 150 50 2 15.08 23.81 31.18
22 1 140 80 2 11.53 20.57 27.33
23 1 140 50 3 19.17 22.83 43.21
24 1 140 50 1 4.45 19.28 15.49
25 1 160 50 3 57.48 3.89 90.48
26 1 150 50 2 35.48 19.42 58.68
27 1 150 80 3 44.32 15.3 73.31
28 1 150 20 1 13.12 27.74 23.47
29 1 160 80 2 54.96 9.89 85.13
30 1 150 50 2  24.97 29.78 28.9
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Table S3. Peaks and phenolic compounds in the potato peel waste extracts solution. 

Peak Retention time (min) Compound name Concentration (μg/ml)

6.65 Peak 1 N/A

6.91 Peak 2 N/A

8.82      Chlorogenic acid 3937±0 

9.27      Peak 4 N/A

9.82      Caffeic acid 1286±0

12.02      p-coumaric acid 45.1±0

12.66      Ferulic acid 228±0

12.96      Peak 8 N/A

13.24      Peak 9 N/A

Table S4. ANOVA table for Box-Behnken model.

Source DF Adj SS Adj MS F-Value P-Value
Model 10 7346.37 734.64 28.16 0
  Blocks 1 5.28 5.28 0.2 0.658
  Linear 3 6574.37 2191.46 84 0
    Temperature 1 3465.88 3465.88 132.85 0
    Catalyst Concentration 1 806.59 806.59 30.92 0
    Time 1 2301.9 2301.9 88.24 0
  Square 3 127.7 42.57 1.63 0.215
    Temperature*Temperature 1 9.32 9.32 0.36 0.557
  Catalyst Concentration*Catalyst Concentration 1 110.45 110.45 4.23 0.054
    Time*Time 1 4.12 4.12 0.16 0.696
  2-Way Interaction 3 639.02 213.01 8.16 0.001
    Temperature*Catalyst Concentration 1 270.82 270.82 10.38 0.004
    Temperature*Time 1 82.86 82.86 3.18 0.091
    Catalyst Concentration*Time 1 285.35 285.35 10.94 0.004
Error 19 495.68 26.09   
  Lack-of-Fit 15 272.67 18.18 0.33 0.951
  Pure Error 4 223 55.75   
Total 29 7842.05    
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Table S5. Model summary.

S R-sq R-sq(adj) R-sq(pred)
5.10766 93.68% 90.35% 85.96%

Table S6. Multiple response prediction.

Variable Setting
Temperature 160
Catalyst Concentration 80
Time 3

Response Fit
SE 
Fit 95% CI 95% PI

HMF Yield 72.76 4.27 (63.83, 
81.69)

(58.83, 
86.69)

Table S7. Pyrolysis product distribution.

Composition mol%
CO 48
H2 51
CO2 0.2
CH4 0.2
C2H2 Trace

Table S8. Material balances.

Process Step Stream Name Mass Flow (kg/hr)
Extraction Methanol + Water 177,607

PPW 10,000
Filter Outlet – Liquid 165,774
Filter Outlet – Solid 21,834

Dried Solid 7,637
V1 – Vapor 177,555
V1 – Liquid 2,416

Purge 1.7
Combined hydrolysis and 

dehydration
LiBr + AlCl3 Mixture 232,709

2-butanol (new, total) 54.52, 546418
Reactor - Organic Phase 547,635

Reactor – Aqueous Phase 239,129
Filter 2 – Solids 17,473
Filter 2 – Liquids 221,656
Recycled Solvent 546,363

HMF 1,271
Waste Water 194

Recycled Catalyst 221,240

Table S9. Utility consumption.

Utility Load (KJ/hr)
Cooling Water 992,368,237
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LP Steam 352,903,920
MP Steam 204,870,413
HP Steam 444,164,413

Fired Heater 62,342,167
Electricity 1806 KW

 
Table S10. Summary of the capital and operating costs of the HMF process.

Item Cost 
(Million $)

Item
Cost per 

year 
(Million $)

Total Installed Equipment Cost 45.85 Total Raw Materials Cost 34.6
Other 14.8 Total Utilities Cost 23.8

General and Administrative 
Overheads 1.7 Operating Labor Cost 0.9

Contract Fee 1.8 Maintenance Cost 1.2
Contingencies 6.06 Operating Charges 0.2

Working Capital 3.5 Plant Overhead 1.06
Total Capital Cost 73.75 General and Administrative Cost 4.0

Total Electricity Sold 3.7
Total Operating Cost 62.09

Table S11. Breakdown of costs.

Process Step Capital Cost (MM$) Operating Cost (MM$)
Extraction Step 3.67 0.02

Combined Hydrolysis and 
dehydration step

15.2 34.59

Pyrolysis 8.83
Heat exchangers 9.00

Electricity Production 8.5
Utilities 23.8

Total Equipment Cost 45.85
Total Capital Cost 73.75

Total Operating Cost 62.09

Table S12. REI ratios for different biorefineries

Biorefinery Type
𝑅𝑒𝑣𝑒𝑛𝑢𝑒

𝐸𝐼𝑛𝑝𝑢𝑡
(𝑅𝐸𝐼)

$
𝑀𝐽

Food Waste 0.0304

Lignocellulose 0.0104

Cellulosic Ethanol 0.0173

Anaerobic Digestion 0.0191
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Table S13. Parameters used in computing REI ratios

 Energy Input Product Unit price of product Product Yield Basis
Lignocellulose 1116000 KJ/s2 Cellulose pulp, furfural, lignin $ 700/ton2 700 kg/ ton feedstock2 0.0232 ton feedstock/s[1]
Ethanol 81090 KJ/gal4 Ethanol $ 1.4/gal5 112 gal/ ton feedstock4 0.01 ton of feedstock[2]

Anaerobic Digestion
59400 KJ/ ton 

feedstock3 Biomethane $ 2.3/1000 ft6 492 ft3/ ton feedstock3 1 ton feedstock3
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Table S14. Reaction specifications.

Reactions Hydrolysis Dehydration Pyrolysis
Catalyst LiBr + H2SO4 AlCl3 N/A
T (oC) 140 160 1000
P (bar) 1 20 1
Yield (%) 85 40 0

Table S15. Raw material cost.

Raw Material Cost Cost ($ per tonne)
Methanol 5187

Aluminium Chloride 6008

2-Butanol 9889

LiBr 1,4008

Sulphuric Acid 12510

Table S16. Product cost.

Product Cost Cost ($ per tonne)
Extractives 25,000

HMF 1,0002

Bio-Char 2,58011

Estimation of extractive price12

$38
120 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 ∗

2 𝑐𝑎𝑝𝑠𝑢𝑙𝑒
770 𝑚𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 ∗

1000 𝑚𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠
𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 =

$0.82
𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 =

$820
𝑘𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠

This price even falls within the range ($11.2 - $1120/kg) given in Cristobal et al13 for phenolic extracts.

Considering that we have 30 mg of phenolics (not accounting for flavonoids) per g of PPE, we can further 
estimate the price for the as-is PPE:

$820
𝑘𝑔 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 ∗

0.03 𝑔 𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐𝑠
1 𝑔 𝑜𝑓 𝑃𝑃𝐸 =

$24.6
𝑘𝑔 𝑜𝑓 𝑃𝑃𝐸

We then used $25/kg of extractives for the economic calculations.

This estimated extractive price falls within literature values used by Lane et al14. Of $ 35/kg and Cristobal 
et al13. of $11.2 - $1120/kg.

Evaluation of statistical significance of regression model

The low p-value from the regression analysis (<< 0.05) indicates the significance of the model. The 
statistical significance of the model was further evaluated using the F-statistic. Since the F-value (28.16) 
from the ANOVA regression analysis (Figure 4) is much higher than F obtained from the test table (2.98), 
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the model is considered statistically significant with 95% of confidence. Also, F-testANOVA was 10 times 
larger than F-testtable, satisfying the interpretability multiplier indicating the model’s adequacy. The 
regression coefficient of the model (Table S5) indicates that 94% of the response variability is captured by 
the model. The residual plots (Figure S4) show no trends in the data set and the distribution of residuals. 
Only one data point was outside of two standard deviations and none were outside of three standard 
deviations, which indicates the model describes the data well.

Techno-economics analysis

Using the data from above and some simplifications, a preliminary simulation of the production processes 
is performed using Aspen Plus®V11. The NRTL method is utilized to predict the liquid-liquid and liquid-
vapor behavior. Most of components involved in the reactions are directly selected from the Aspen 
database, whereas some not included in the database (i.e. components of biomass and humins) are defined 
by the structures and the properties used by NREL15. All the missing parameters are estimated by the 
molecular structures using the UNIFAC model and the Thermo Data Engine (TDE). TDE is a 
thermodynamic data correlation, evaluation, and prediction tool developed by the collaboration of Aspen 
plus and the National Institute of Standard and Technology16. The composition of biomass is shown in main 
text Table 1. 

Process description of the integrated FW biorefinery
The biorefinery process (Figure S15) starts with the separation of extractives from the carbohydrates and 
lignin using a water-methanol mixture. The mixture is mixed using an ultrasonic mixer for 15 minutes at 
room temperature. The outlet stream from the mixer is introduced to a filter to remove the extractant and 
the solid mixture. A series of flash drums is used to separate methanol and to dry the extractives for a purity 
of 95%. The solid mixture is first dried and then mixed with water containing LiBr, AlCl3 and H2SO4 and then 
introduced to a reactor for hydrolysis at a temperature of 140 oC for a residence time of 1 hr. After hydrolysis, 
the product mixture is mixed with a 2-butanol and introduced in a “one-pot” reactor where simultaneous 
dehydration reaction and separation of HMF occurs at 160 oC and 20 bar for a residence time of 3 hrs. 80% 
of the HMF is extracted by the organic phase and is sent to a distillation column for purification. The solvent 
is recycled. The aqueous phase is filtered to remove the unreacted solids and humins. The liquid phase is 
then flashed to remove excess water and the liquid is recycled back to the dehydration reactor. The solid 
phase is used to produce bio-char by pyrolyzing it at 1000 oC. Pyrolysis was simulated as close to the 
literature data and the pyrolysis gases consist of mostly CO and H2 with trace amount of CO2, CH4 and 
C2H2 and biochar as the main product. The gas is then used to generate electricity and both the capital 
costs and the operating costs are included. The cost of pollutant control is assumed in the total cost of the 
pyrolysis reactor. The gas after electricity production consists of CO2 and H2O. 
For the process simulation, the following assumptions are made:

1. Filtration processes to separate extractives, carbohydrates and unreacted biomass from the 
combined hydrolysis and dehydration process are assumed to have 95% separation efficiency.

2. The byproducts do not affect the conversion and selectivity of any reactions. No separation steps 
are considered before hydrolysis. 

3. There is no mixing between the organic and aqueous phases.
4. Reaction details are given in Table S14.

The capacity of the process to produce HMF is based on processing of 80,000 metric ton of PPW per year. 
The total production of HMF is 1,271 kg/hr or 10,171 metric tons per year, extractives is 2,416 kg/hr or 
19,326 metric tons per year and bio-char is 469 kg/hr or 3,749 metric tons per year. The concentration of 
PPW in the mixture is ~4 wt.% and the amount of solvent needed for the extraction in the dehydration 
reaction increases the overall volume of the process which in turn increases the cost of capital and the 
utility cost. 96% of the total raw material cost is because of the cost of LiBr.

Assumptions for TEA
1. Plant capacity is assumed as 10 metric tons per hour of dry potato peels feedstock.
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2. All the equipment and operating costs estimated by Aspen Economic Analyzer V11 are based on 
the price of the first quarter in 2018. The filtration units are not explicitly designed, and the design 
is based only on the flowrates. 

3. The cost of the peels is taken as zero.
4. The plant operates in a continuous mode for 8,000 hr per year. The economic life of the project is 

assumed to be 20 years. 15% per year interest rate is applied to the capital cost. 35% corporate 
tax is applied to the profits. The simplest depreciation method – the straight-line method is 
applied as the salvage value – is 10% of the original capital cost after 20 years. The recovery 
period is considered as 10 years.

5. The market price of the raw materials is given in Table S15.
6. The market price of the products is given in Table S16.
7. The cost of the ultrasonic mixer was estimated by adding the cost of a static mixer and a 100–300 

kW ultrasound17 ($2.8 million). The cost of the pyrolysis reactor ($8.83 million) was estimated using 
the sizing curve developed for pyrolysis plants by Brammer et al18 and calculated for the year 2018 
using the chemical engineering plant cost index19.

8. Heat integration is carried out using the Aspen Energy Analyzer® V11, which uses the pinch 
analysis method for heat integration. The lowest operating cost scenario is considered for heat 
integration. All the utilities are purchased, and wastewater is treated by a third party at a fixed price 
per unit volume20.

9. Three profitability metrics were calculated (Equations S1 – S6)13 to evaluate the feasibility of the 
biorefinery: return on Investment (ROI), payback time, and breakeven. 

10. The ROI is the ratio of gains to cost and it measures (in %), per period, the rate of return on money 
invested in the biorefinery. A positive ROI means that the investment gains compare favorably to 
the costs; the larger the ROI, the better. The payback time is the time needed for the gains from 
the investment to equal the costs, i.e., for an investment to pay for itself. The smaller the payback 
time, the better. Breakeven refers to the specific period in which it’s the profits from an investment 
equal its total costs and its net income will be zero.

(Eq. S1)𝑅𝑂𝐼 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑛𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

(Eq. S2)𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑇𝑖𝑚𝑒 =  
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐴𝑛𝑛𝑢𝑎𝑙 𝑛𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡

(Eq. S3)𝐵𝑟𝑒𝑎𝑘 𝐸𝑣𝑒𝑛 (𝑢𝑛𝑖𝑡𝑠) =  
𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡

(
𝑃𝑟𝑖𝑐𝑒
𝑢𝑛𝑖𝑡  ―  

𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑠𝑡
𝑢𝑛𝑖𝑡 ) 

(Eq. S4)𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =  
(𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 ― 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑉𝑎𝑙𝑢𝑒)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑃𝑒𝑟𝑖𝑜𝑑

(Eq. S5)𝑁𝑒𝑡 𝑃𝑟𝑜𝑓𝑖𝑡 =   𝑅𝑒𝑣𝑒𝑛𝑢𝑒 ― (𝐶𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒 𝑇𝑎𝑥 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 + 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 + 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)

(Eq. S6)𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 = 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝐶𝑜𝑠𝑡 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 + 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡
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