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Abstract:

Dramatic changes in global recovered paper markets, triggered in large part by Chinese import
restrictions, challenge the U.S. to find sustainable pathways for increasing the domestic paper
recycling rate. This study presents a technology-rich process model of the U.S. domestic paper
recycling industry to assess the energy consumption, carbon emissions, and system costs. A
scenario analysis shows the viability of three potential pathways for achieving the national goals
of a 15% increase in both the paper recycling rate and the recycled paper utilization rate. The
results suggest that the national goals can be achieved by recovering 80% of recyclable papers
from households and commercial stores, while trading all exported bales to domestic recovery with
additional investments in processing capacity expansion. The deployment of advanced technology
can enable material recovery facilities (MRFs) and paper mills to produce most recycled paper
products that are more energy efficient with fewer CO, emissions.

1. Introduction

Paper is one of the most widely recycled materials in the U.S., with the domestic paper recycling
rate in recent years between 66% and 68% (American Forest & Paper Association, 2021).
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Replacing primary feedstocks with recovered paper can result in substantial resource and CO;
emissions savings. The U.S. Environmental Protection Agency (EPA) reported that 46 million
tonnes of paper and paperboard were recycled in 2018, avoiding over 155 million tonnes of CO
emissions (U.S. EPA, 2020a). Of these, more than 21 million tonnes of recovered paper were
exported to other countries, among which China is the largest receiving country (ISRI, 2020).
Exporting recyclable papers as a waste management practice creates win-win situations in terms
of profitability for both importer and exporter countries (Li et al., 2022). The domestic paper
recycling only accepts recyclable papers with best quality that meet the standards of complex
deinking processes. Only 20% of recyclable paper were reprocessed domestically into recycled
paper products due to the limited availability of good quality sorted paper and low market demand
for recycled paper products (U.S. GAO, 2020). Lower quality sorted papers were exported to
China for recycling or ended up in incineration and landfill. However, U.S. recyclers have endured
severe impacts from China’s scrap material import ban: U.S. exports of paper and paperboard
commodities to China in 2018 were 30% less than in 2017 (ISRI, 2020). When the Chinese
government implemented a complete ban on foreign waste in 2021, the export of recovered paper
from the U.S. fell from 6.4 million tonnes in 2018 to 0.5 million tonnes in 2021 (Li et al., 2022).
Other nations have adopted their own policies restricting or banning waste imports, effectively
shuttering key alternative markets for U.S. scrap exports. To address the challenges of scrap
export, the U.S. government and the paper industry need a long-term strategy for increasing
domestic recycling because there are fewer sinks for the recyclable materials.

Another reason for a concerted strategy is the national goals for recycling. The REMADE Institute
— a federal institute co-funded by the U.S. Department of Energy - was established to enable
advanced technology innovations that could reduce embodied energy and carbon emissions for
recovery, remanufacturing, and reuse processes. The REMADE Institute aims to achieve the
national goal of a 15% increase inthe U.S. paper and paperboard recycling rate (RR) and utilization
rate (also defined as recycled input rate (RIR)), as well as increasing the energy efficiency by 25%
and lowering carbon emissions by 20% for the pulp and paper industry (REMADE Institute, 2022).
While it is clear that China’s scrap ban has incited domestic development of fiber mills and
markets, considerable focus is being placed on process technology innovations to improve both
U.S. paper recycling rates and recycled paper quality. However, it remains elusive how and to
what extent changes in process technologies and operating practices could help improve the
economic and environmental performance of the U.S. paper recycling system compatible with the
national goals.

The literature has evaluated the economic and environmental performance of the U.S. paper
recycling system through material flow analysis (MFA) and life cycle assessment (LCA). Most
paper-related MFA studies (Krones, 2016; Sevigne-ltoiz et al., 2015; van Ewijk et al., 2018)
provide macroscopic results of the paper and pulp system, but are unable to evaluate how process
parameters and technology improvements would affect the economic and environmental
performance of the U.S. paper recycling system. LCA studies of pulp and paper production
systems (Heath et al., 2010; Leon et al., 2015; Man et al., 2019; Ozalp and Hyman, 2006; Silva et
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al., 2015; Tomberlin etal., 2020) provide benchmarks of energy and carbon intensities for industry,
but cannot capture the impacts of various system parameters, such as the recyclable paper quantity
and contamination rate, availability of advanced technologies, and trade. Moreover,
decisionmakers in industry and government need to know the tradeoffs between environmental
benefits and economic costs. Currently, no systems analysis tools are available that capture the
carbon and economic performance of U.S. paper recycling.

This study developed a technology-rich process model, the Paper Recycling Integrated System
Model (PRISM), to 1) assess the system-level environmental and economic performance, and 2)
identify the actions that may be taken to achieve the goals for the U.S. paper recycling industry.
The PRISM can assess how changes in system parameters — including expansion of collection and
sorting systems, investments in processing capacity and technologies, changes in scrap quantities
and qualities, and regulatory, logistical, and trade developments — can affect the profitability and
environmental benefits of the domestic fiber recycling industry. PRISM represents current and
emerging technologies in recovered paper sorting and reprocessing through a set of technical
parameters related to energy efficiency, carbon intensity, and economic cost. It allows users to
explore how technological innovations can enable the U.S. paper recycling industry to increase
recycling rates, improve its profitability, and maximize its environmental benefits under different
economic, market, and regulatory conditions.

By conducting a scenario analysis, this study aims to answer the following questions of interest
for industrial stakeholders and policymakers: 1) what actions may be taken to achieve the goal of
increasing the domestic paper recycling rate, 2) what are the investment costs for the domestic
paper recycling industry to achieve national goals, 3) what are the improvements in energy
consumption and GHG emissions for the deployment of advanced recycling process technologies
at MRFs and recycling paper mills, and 4) what is the role of trade in achieving the goal of
increasing the recycled paper utilization rate? The next section introduces the modelling
framework, unit process approach, data sources, and scenario design. Section 3 presents the
baseline system performance, and the environmental and economic performance at the national
and facility levels for all scenarios. Section 4 discusses the findings for the domestic paper
recycling industry and the strategic insights for achieving the national goals. Finally, Section 5
presents the conclusions.

2. Material and Methods

2.1 Modeling framework

The PRISM is a bottom-up technology assessment model that tracks material flows, energy use,
and greenhouse gas (GHG) emissions occurring in the life cycle stages from cradle to gate,
including recyclable paper generation, collection, recovery at material recovery facilities (MRFs),
and reprocessing at recycling paper mills. The model focuses on the life cycle of recycled paper
only and not the life cycle of virgin paper products. In addition, the scope of the model excludes
the forest carbon storage that saved from recycled products. The purpose of the model is to analyze
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pathways for increased paper recycling rate and recycled paper utilization rate to indicate how
paper recycling industry can reduce raw material use for pulp and paper production, and further
reduce the energy consumption and GHG emissions of paper production based on the REMADE
national goals. The model cannot be used to estimate the potential benefits of recycling in terms
of the avoided emissions through a reduction in wood extraction and processing. In addition, the
PRISM does not aim to forecast the future supply and market of domestic paper recycling system
based on a time series fashion. This study mainly investigates the effects of dynamic changes in
collection behaviors and advanced technology adoption of sorting and reprocessing stages on the
national paper recycling goals. For illustrative purposes, the results section includes a comparison
of modeled recycled paper emissions with literature values for virgin paper production.

Figure 1 depicts the modeling framework including separate descriptions of the model for recovery
at MRFs and reprocessing at recycling paper mills. The configuration shown in Figure 1 represents
typical operations in the U.S., but the setup of unit processes may differ slightly across MRFs and
recycling paper mills. The model differentiates between four recyclable post-consumer fibers by
grade (old corrugated cardboard (OCC), old newspapers and magazines, office papers, and mixed
papers) and five final paper products by grade (newsprint, market deinked pulp, tissue,
containerboard, and other paperboards) It tracks the quality implications of processing a specific
fiber grade into a specific final product grade. The typical configurations of paper recovery at a
recycling paper mill for each final paper grade are depicted in Figure S1 in the Supplementary
Information (SI).
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Figure 1. Modeling framework of the domestic paper recycling system, adapted from previous
studies (Damgacioglu et al., 2020; Holik, 2009; Pressley et al., 2015). Disc screens are used to
sort OCC, newspapers and magazines, and other papers in order. A disc screen is an inclined
plane with disc spreading rods which can allow large materials travel over the top while smaller
materials fall between the discs (Pressleyet al., 2015).

The PRISM is a technology-rich model that includes, for each unit process, a material transfer
coefficient, an energy consumption coefficient, a GHG emission intensity, and economic cost
factors (see Figure S2). Specifically, the material transfer coefficients of sorting and deinking
technologies are related to sorting efficiency and cleaning efficiency, respectively. The constant
values of energy coefficient and GHG coefficient for a specific unit process are used to calculate
the total energy consumption and GHG emissions from the mass flow processed by the unit
process. Cost factors (e.g., capital installation cost, fixed cost, variable cost, etc.) are used in the
techno-economic analysis to estimate the production cost of a specific recycled paper product.
Because of the high level of granularity, the PRISM can evaluate how and to what extent changes
in process parameters, technologies, and operating practices could affect the system’s economic
and environmental performance. For example, the overall material efficiency of the recycling
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chain can be explained by the individual sorting and deinking technologies based on their material
transfer coefficients. Similarly, the model can explain the contribution of individual processes
(such as a MRF disc screen or a paper mill cleaning process) to the total GHG emissions and the
costs of recycled paper products. The PRISM was built using Analytica software and is hosted on
Analytica Cloud (Lumina Decision Systems, 2022). The model was made available to industrial
and government partners.

2.2 Unit process equations

The PRISM consists of a waste management module and a mill module. The waste management
module covers waste generation, collection, sorting, recovery, and trade. The residential and
commercial MSW stream contains paper and other materials, whereas the industrial source
supplies pre-sorted paper. The MSW goes to single-stream recycling (one bin for recycling and
one bin for trash) or mixed collection (one bin for all waste). The recycling fraction from single -
stream recycling is sorted in MRFs. Mixed waste (or even trash) may be sorted in a mixed waste
MRF, but since this practice is very rare, the model functionality was not used. The recovered
paper bales from MRFs are captured in a matrix that shows the fraction of four paper products, as
well as contaminants, in three types of fiber bales (OCC, mixed paper, and pre-sorted). The bales
are either transported to domestic recycling paper mills or exported to foreign countries. The
residues of waste papers are mainly disposed of to landfills.

The governing equations for the material flows, energy consumption, GHG emissions, and costs
for each MRF equipment (i) are presented in Eqgs. 1-4, respectively.

Moyti = Min,i X S; (1)
rRMC; xMCYi
E; = M, X —100 ECU; (2)
max throughput; xm
CEi = Cle X Ei (3)
C; = P, X E; + Crixeq 0am,i + Ceapital,i (4)

The sorted material output from each equipment (Mout;i) is the product of the input to the equipment
(Min,; equal to the sorted output from the preceding equipment, or Moyi1) and the sorting
efficiency of the equipment (S;); the sorting efficiency is a vector with values between 0 and 1 for
every category of material managed by the MRF, representing the ratio of each material that gets
sorted out by the equipment; the energy consumption of each equipment in kWh (E;) is based on
the equipment’s rated motor capacity (RMC;) in KW, percent of motor capacity utilized (MCU),
max throughput in ton per hour, and percent of equipment capacity utilized (ECU;); the GHG
emissions from each equipment are the product of the energy consumption (E;) and the fuel-
specific emission factor (Cle, for electricity or diesel); the cost of each equipment (C;) is the sum
of variable operations and maintenance (O&M) cost —represented in Eq. 4 as the product of energy
price (Pe) and energy consumption (E;) — fixed O&M cost, and amortized capital cost.
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The mill module includes typical deinking unit processes for the five recycled paper grades. More
details of the deinking unit processes can be found in Table S1. The governing equations for
calculating the facility-level energy consumption and GHG emissions per unit of recycled paper
product are expressed in Egs. 5-9, where Elproduct and Clproduct are the energy intensity (GJ/oven-
dry tonne (ODT)) and carbon intensity (kg CO2/ODT) of unit recycled paper product,
respectively; Ei and CE; are the overall process energy consumption (GJ/h) and carbon emissions
(kg COgeq/h) of the ith unit process, respectively; Elprocessi and Clprocess,i are the energy coefficient
(GJ/ODT) and carbon emission coefficient (kg CO24/ODT) of the ith unit process, respectively;
Elprocess,i IS calculated based on the fuels and electricity consumed in each unit process; Clprocess;i IS
estimated based on the energy inputs and regional carbon emission factors of various energy
sources in each unit process; Y; and Y, are the yields (ODT/h) of the ith and the final (n) unit
process, respectively; Finis the feed flow rate (ODT/min) of the ith unit process, which is related
to the pulp consistency in the ith unit process and the fiber content in the i-1th unit process; Con;
is the pulp consistency (%) of the feed flow in ith unit process; Mioss,i is the fiber loss (ODT/h) in
the i unit process, which is related to the contaminated material weight in the feed flow.

Y1 E;

ElproduCt = Y, (5)

n
Ei = Yl X Elprocess,i (6)

X1 CE;

Clprodu(:t = Y. (7)

n
CE; = Y; X Clyrocess,i ®
Yi = Fin,i X Coni x 0.01 — MlOSS,i (9)
Coroduction,j = Ceapital,j*+Crixed,j * Cutility,j+ Clandfillj+ Clabor,j* Ceran,j+ Cindirect,j (10)

production,j

Y x8000

The revenue of a MRF is challenging to estimate with limited available data of commodity market
prices because it depends on a variety of recovered products (e.g., plastics, paper, metal, etc.).
Moreover, considering collection and sorting are rarely profitable but require waste generators or
local governments to cover the difference between, an increase in profitability will be expressed
as a reduction in the production cost of bales. This study assumes the prices of virgin paper
commodities is break even to the costs of the virgin ones. Similarly, an increase in profitability for
recycling paper mills will be expressed as a reduction in production cost of recycled paper
products.

The production cost of a specific recycled paper product is expressed in Eq. 10, where Cproduction;
is the manufacturing production cost of a specific recycled paper product j; CeapitaliS the annual
amortized capital investment cost of equipment; Ciixedj and Cuilityj are annual fixed cost and
variable utility cost of a recycling paper mill for j paper product, respectively; Ciandiiitj, Ciabor,j, and
Ciranjare annual landfill costs, labor costs, and transportation costs of a recycling paper mill for j
paper product; the average transportation distance between MRFs and recycling paper mills is
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assumed to be 194 km (Tomberlin etal., 2020); Cindirect,j IS Other indirect costs including operating
supervision and maintenance cost (50% of total labor cost), fringe benefits (35% of total labor
cost), and property tax and insurance (3% of total capital investment). A recycling paper mill is
assumed to operate 8,000 hours per year.

The national average mill performance is estimated by the weighted average of energy
consumption, GHG emissions and production cost for each recycled paper product based on the
production technology share of each unit process (see Table S2 for detailed data). For example,
the most conventional refining technology (96% share of total production capacity) used in
container board manufacturing is high-consistency refining, and the remaining is low-consistency
refining. Therefore, the average national energy intensity of refining technology for container
board is calculated by the sum of energy intensities of two refining technologies weighted by the
corresponding the production share of each technology. The national average energy intensity and
the total national energy consumption of each recycled paper product are calculated by Egs. 11
and 12, respectively, where Elna,jand ECioaljare the national average energy intensity of unit j
paper product and total national energy consumption of j paper product, respectively; El,; is the
energy intensity of z process technology used in the ith unit process; T,;is the national production
technology share of z process technology used in the ith unit process; Baleinput; IS the total
recovered bale weight input for j paper product; YE; is the fiber yield efficiency of j paper product
(see TableS3 for detailed data of bale input and fiber yield efficiency). The national GHG
emissions and production costs are calculated using the same approach.

EINA,j = Z?(Elz,i X Tz,i) (ll)
ECtotal,j = EINA,j X Baleinput'j X YE] (12)

The results of energy use and GHG emission for unit processes at MRFs and unit processes at
recycling paper mills are summed up to estimate the total energy consumption and GHG emissions
for recycled paper products.

2.3 Data collectionand processing

The PRISM was populated by a dataset representing the 2018 U.S. paper recycling system. It
contains materials, energy, emissions, and cost data for all unit process technologies. For the waste
management module, the data includes the waste generation quantities and transfer coefficients
for collection and sorting (see Table S4), energy and cost factors for collection and disposal
processes (see Table S5), and energy and cost factors for the MRF sorting processes (see Table
S6). The transfer coefficients for the MRF processes were derived from the MSW sorting results
reported by Damgacioglu et al. (Damgacioglu et al., 2020).

For the mill module, technology data for existing and emerging unit process technologies installed
at recycling paper mills were collected from various sources, including technical reports, peer-
reviewed studies, and equipment manuals (see Table S7). Other data such as energy and carbon
emission intensities of virgin pulp-based paper production were collected from peer-reviewed
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studies (see Table S8). Data on energy prices (e.g., natural gas and electricity prices), grid
electricity emission factors, labor cost, and water prices (see Table S9 in the SI) were collected
from national published databases. Data on commodity prices of sorted bales were obtained from
the Secondary Fiber Pricing database (Recycling Markets Limited, 2021).

2.4 Scenario design

This study presents three scenarios to assess the energy, carbon, and cost implications of increasing
the collection of recyclable papers, improving sorting and reprocessing, and expanding technology
capacity to achieve the REMADE national goals. The REMADE Institute has the ambition to
increase the domestic paper recycling rate and recycled paper utilization rate by 15%. In addition,
the REMADE institute proposed to develop advanced technologies to increase energy efficiency
by 25% and reduce GHG emissions by 20% for unit paper product (REMADE Institute, 2022).
The scenarios describe distinct strategies for achieving these goals, and are compared against the
baseline performance in the year 2018. Table S10 summarizes the main differences between the
scenarios; Table S11 lists the modelling assumptions for each scenario. The following paragraphs
describe each scenario.

Scenario 1 (SC1): single-stream collection enhancement. Public investment realizes an increase
in the availability of both residential (from 64% to 80%) and commercial (from 41% to 80%)
single stream collection infrastructure. Local governments promote good recycling behavior:
where recycling bins are available, they receive 80% of the recyclable papers, instead of just 26-
60% of papers in the baseline (depending on grade). An alternative would be to not only expand
single-stream recycling but also to sort mixed waste (or even the residual stream from single-
stream recycling systems) in dedicated mixed waste MRFs (also known as “dirty MRFs”).
However, none of the scenarios considers the use of mixed waste MRFs because operating mixed
waste MRFs is very rarely economically viable.

Scenario 2 (SC2): technology improvement. Single-stream collection is expanded to the same
extent as in SC1, but MRFs also invest in advanced sorting technologies. The sorting efficiency
for disc screen unit processes increases by 10%, reflecting advancements such as robotic sorting,
resulting in better quality baleswith fewer contaminants. Recycled paper mills invest in emerging
re-pulping and deinking technologies to improve the yield and quality of final recycled paper
products. Recycling paper mills implement advanced deinking technologies that have either less
fiber loss or higher cleaning efficiency. Table S8 lists details of new technologies implemented in
specific unit processes for recycled paper products.

Scenario 3 (SC3): trade shiftand capacity expansion. The demand for recovered paperboard rises
dramatically in the domestic recycling system because of e-commerce packaging and delivery. In
response, many recycling paper mills expand their processing capacity of recovered bales. All
sorted paper bales are used for domestic recycling, compared to about a third being exported in
the baseline. Meanwhile, the same developments occur as in SC1 and SC2: single-stream
collectionis enhanced and emerging technologies are implemented. Economic supply and demand
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dynamics were not considered in this scenario: it assumes a stable price for OCC and mixed paper
bales from MRFs.

In summary, following actions and strategies are investigated in the model to achieve the national
goals of paper recycling.

e SC1: 1) Residential single stream collection rate increases from 64% to 80%. Commercial
single stream collectionrate increases from 41% to 80%; 2) Everyone puts recyclable paper
from households into curbside single stream recycling bins correctly: 80% sorting
efficiency in the collection.

e SC2 (including actions in SC1): Implementing advanced sorting and reprocessing
technologies at MRFs and recycling paper mills.

e SC3 (including actions in SC1 and SC2): All sorted bales are traded to recycling paper
mills.

3. Results

3.1 Baseline system performance

This study estimates the system performance at both national and facility levels. The national -level
outputs from the model include the quantities of recovered bales and different grades of final
recycled paper products, overall paper RR, RIR, number of recycling paper mills required, energy
consumption, GHG emissions, and total system cost. The facility-level performance of the U.S.
domestic paper recycling in 2018 is evaluated in terms of energy consumption and GHG emission
per unit of recycled paper product. For illustrative purposes, this study used Georgia regional data
(see Table S7 for details) to estimate the facility level results since Georgia has the largest paper
production capacity in the U.S. (Ince et al., 2001).

Table S12 summarizes the national-level results. The PRISM estimates that the domestic paper
recycling rate amounted to 66.4%, which is consistent with the estimate from American Forestand
Paper Association (AF&PA) (American Forest & Paper Association, 2021). The recyclable paper
input rate was around 20%, suggesting only a small proportion of domestically produced paper is
from recovered paper in 2018, with the remaining inputs (nearly 116 million tonnes) mainly virgin
pulp.

The total quantity of recycled paper products was estimated at nearly 22 million tonnes, 89% of
which were used to produce container boards, including corrugating medium and linerboards. The
total system energy consumption is nearly 219 million GJ, resulting in 20.8 million tonnes of CO
emissions, and 16.8 million tonnes for container boards only. This is close to a literature estimate
of 13 million tonnes of CO2q (Tomberlin et al., 2020), suggesting that results from the PRISM
are largely aligned with previous estimates. The MRF stage accounts for 12% and 11% of the total
energy consumption and GHG emissions for the U.S. paper recycling system in 2018.

The total system cost of the U.S. paper recycling industry is $14.4 billion, to which recycling mills
of container board and MRFs are the largest contributors. The U.S. Census Bureau (U.S. Census

10
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Bureau, 2021) reported that the total cost of pulp, paper, and paperboard mills in 2018 was $70.1
billionwith a total paper production of 71 million tonnes. In the baseline, the total cost of recycled
paper processing mills is estimated to be $10.4 billion with a total paper production of 21.8 million
tonnes. So, the modelled cost per tonne for the recycling sector is about half the cost per tonne
reported for the entire paper sector. Whilst the figures are not directly comparable, they align with
a trend for recycled products to be of lower quality and value.

Figure 2 compares the energy intensity and carbon emission intensity of the five recycled paper
products with data from Tomberlin et al (2020) for paper products made from virgin fiber. The
data presented by Tomberlin et al. is calculated by aggregated material inputs and GHG emission
factors of materials for each paper grade at a mill level instead of unit process modeling used in
the PRISM. All recycled paper products have lower energy consumption than virgin paper
products, and most energy savings for recycled papers are from the downstream manufacturing
processes (see Figure 2a). For instance, using recovered OCC to produce container boards only
consumes one third of the energy for producing the same product made from virgin fiber. The
upstream of recycled papers includes collection and sorting processes at MRFs, and wood
procurement is the only upstream process for virgin fiber. Energy consumption of transportation
differs little between papers made from virgin and recovered fiber.
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Figure 2. The energy intensity (GJ/ODT) (a) and GHG emission intensity (kg CO.¢,/ODT) (b) per
unit of products made from virgin (Tomberlin et al., 2020) and recovered fiber. ODT stands for
oven-dried tonnes. A breakdown of energy consumption (GJ/ODT) per unit of recycled paper
products by unit process is provided in (c).

For most grades, recycling saves emissions, but recycled newsprint and container boards were
estimated to have higher GHG emissions than virgin paper products (see Figure 2b). In general,
whilst recycling saves energy, it can rely more on fossil fuels, either directly or through the use of
carbon-intensive electricity from the grid. In contrast, virgin pulp and paper mills extensively use
biomass and biofuel (e.g., wood chips, hog fuel, and black liquor) instead of fossil fuels (e.g., coal
and natural gas). For example, the biogenic CO, emitted by virgin container board accounts for
nearly 70% of the total GHG emissions (Tomberlin et al., 2020). Besides the bio-based fuel use,
virgin newsprint product is mainly mechanically pulped, which consumes less energy than
chemical pulping process for the recycled newsprint product. Regarding the container boards, the
recycled products consume more electricity than the virgin ones due to the intensive refining
process for optimizing the fiber quality (AIKAWA GROUP, 2016). These findings are consistent
with previous studies (Ma et al., 2022; van Ewijket al., 2021) and EPA’s Waste Reduction Model
(WARM) (U.S. EPA, 2020b), which indicates an increase of 210 kg COx.q/short ton of office paper
recycled in process emissions compared to the office paper with virgin feedstock. Pulp and paper
industry will recycle more container boards as the cheaper feedstock cost and high demand for
recycled container boards for packaging. But the industry needs to adopt emerging advanced
technologies (e.g., powered by renewable electricity) to produce recycled container boards with
less emissions.

The comparison in Figure 2 is consistent because neither the PRISM nor the estimation by
Tomberlin et al. (Tomberlin et al., 2020) considers the impact of paper production on the forest
carbon cycle. However, the total life cycle benefits may be different. The WARM suggests that
the largest contribution to the GHG emission reduction by paper recycling is the forest carbon
storage due to the reduced use of papers made from virgin fiber. Therefore, the GHG emissions
savings for recycled paper products estimated by the PRISM could be more if taking the stored
forest carbon into account.

Figure 2c) depicts the energy consumption by unit process for recycled papers. The most energy -
intensive processes include drying, refining, pulping, and bleaching for reprocessing different
recycled paper products. The major benefit from recycled paper utilization is the lower energy
consumption in the pulping process compared to virgin paper production. However, the associated
carbon benefits depend on energy use: about 30 % or more of the total energy consumption of
recycled paper products is from electricity used in pulping, deinking, and refining processes. In
contrast, the electricity use for virgin pulp and paper mills only accounts for 14% of the total
energy use, and about 39% onsite energy use is from black liquor derived from the pulping process
(U.S. Department of Energy, 2015).
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3.2 Scenario analysis

3.2.1 National level

Figure 3 (more details in Table S12) indicates that all three scenario strategies can achieve the
national goal of a 15% increase in the domestic paper RR. A comparison between SC1 and SC2
shows that an improvement in sorting efficiencies at MRFs only contribute a small increase in the
overall recycling rate. One key reason is the lack of remaining bandwidth to increase sorting
efficiency with improved sorting equipment. For instance, the current sorting efficiency of a disc
screen for mixed papers could only increase from 85% to a theoretically perfect 100%. Relatedly,
the use of advanced technologies in recycled paper processing mills has little impact on the RIR
across scenarios because the contamination rates of bales from MRFs do not differ widelybetween
scenarios owing to limited increase in sorting efficiency of facilities at MRFs. The yields of each
reprocessing technology are affected by the amount of contamination in the bales. Therefore, the
yields of recycled paper processing mills have small differences between scenarios. In SC2, the
total energy consumption and GHG emissions are reduced due to advanced technology
deployment compared to SC1, especially for container boards. In addition, container boards have
the largest total system cost reduction due to savings in energy consumption of advanced
technologies. Only SC3 achieves the national goal of a 15% increase in the RIR. The expansion in
recycling requires additional recycled paper processing mills, with the majority of new plants built
for producing container boards. The results of SC3 suggest that the total energy consumption and
GHG emissions for achieving national paper recycling goals are around 327 million GJ and 24.5
million tonnes of CO; ¢, respectively. The annual cost to recycle these papers is estimated to be
$21.9 billion, roughly 50% higher than the cost in the baseline scenario.
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Figure 3. National-level scenario analysis results. Notes: the RR is defined as the ratio of domestic
recovered paper sorted at MRFs (excluding pre-sorted paper from industrial sources) to the total
wastepaper in the MSW; the RIR is defined as the ratio of domestic recovered paper used as
secondary feedstock for paper production over the total material inputs to the U.S. paper
production. The results of newsprint and market deinked pulp (can be found in the SI) are not
depicted due to the low quantities (less than 0.5 million metric tons) and corresponding
contributions to the total energy consumption and GHG emissions.

3.2.2 Facility level

The facility-level results identify whether the national goals of reductions in energy consumption
and GHG emissions per unit product can be achieved through advanced technology deployment
and recycled material use. The results of mill process energy use in SC2 indicate that deploying
advanced technologies is more energy efficient except for tissue (see Table S13). The advanced
drying technology deployed for tissue production is through air drying, which can improve the
tissue quality with advantageous properties (Stenstrom, 2020), but it has higher energy intensity
and consumes more energy. In this study, recycled market deinked pulp has the most process
energy savings by 87% compared to virgin pulp production. The aggregated energy use including
process energy at MRFs and mills is also much lower compared to the energy use of paper products
made from virgin fiber.

Only newsprint and container boards have higher GHG emissions after recycled paper processing
mills implement the advanced technologies. Considering all processes within the cradle-to-gate
scope, recycled container boards produced by advanced technologies have lower GHG emissions
than container boards produced from virgin fiber (see Figure 4). Although recycled newsprint still
has higher GHG emissions than newsprint produced from virgin fiber, the difference in GHG
emissions reduces significantly in the cradle-to-gate scope. It should be noted that since a large
proportion of energy consumption in the recycling paper mill is electricity, the GHG emissions of
the electrical grid result in variations in different regions.

Most recycled paper products have a lower production cost in SC2 compared to the baseline
scenario due to savings in energy cost. However, the product costs of newsprint and tissue are
higher (see Table S13), which is attributed to the high capital equipment cost of advanced drying
technologies (infrared drying for newsprint and air drying for tissue). The production costalso can
be reduced by implementing heat recovery systems for primary energy savings. Many U.S. paper
mills have installed heat recovery systems (e.g., combined heat power and cogeneration processes)
to save energy use and cost in the pulping and drying processes and to reduce the total direct
production cost (Ghosh, 2011; U.S. Department of Energy Office of Energy Efficiency and
Renewable Energy, 2002).
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Figure 4. Mill process and cradle-to-gate process GHG emissions comparison between recycled
and virgin container board production at the facility level.

4. Discussion

The findings in this paper suggest several strategies for the U.S. paper recycling industry to
respond to China’s import restrictions and achieve national recycling goals. The national goal of a
15% increase in recycling can be met through a 80% correct separation efficiency of recyclable
papers from the residential recycling bins, together with an increase to 80% in the residential and
commercial single-stream collection rates. Although this theoretical collection rate is much higher
than the current situation, it is possible to achieve in reality and increasing the sorting rate of
recyclable paper from the residential and commercial sources can significantly improve the
domestic recycling rate. To answer the first question posed in this study, governments can take
actions that boost recycling by enhancing education for local recycling programs, incentivize
recycling behaviors, and improve materials management infrastructure with more consistent
recycling program policies (U.S. GAO, 2020) and informative designs (Li et al., 2022). Moreover,
emphasis on collection system improvement (e.g., dual- and multi-stream collection) could reduce
contamination to a certain extent for recyclable papers, which will make recycling processes more
efficient (Seldman, 2022).

An increase in U.S. domestic recycling has substantial energy and carbon benefits. However, for
selected paper products, the PRISM suggests that GHG emissions from reprocessing recovered
fibers might be higher compared to paper products made from virgin fiber based on the assumption
that biogenic carbon emissions from biomass wastes used as fuels in paper mills are considered to
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be carbon neutral. This challenge may be met by further reducing the energy requirements of
reprocessing and shifting to renewable energy supply. A shift to renewables may be achieved
through decarbonization of the grid or the onsite generation of electricity and heat from
renewables, potentially from biomass with combined heat and power (CHP). Electrification of
drying technologies (e.g., infra-red drying) can also assist in a shift from fossil-based heat to
renewable electricity. Moreover, building recycling paper mills in regions with a lower-emission
electricity grid and lower cost of utilities can significantly decrease the total GHG emissions and
production cost of recycled paper production (see Figure S3).

According to the EPA’s national recycling strategies, there is a need to strengthen domestic
markets for recyclable materials and recyclable products. A more robust domestic paper recycling
market will provide more profitability to MRFs and recycling paper mills with greater resilience
to market disruptions (U.S. EPA, 2021). Meanwhile, advanced sorting and reprocessing
technologies can increase the quality and quantity of recycled paper products and save energy and
GHG emissions. There are some technical and economic barriers for expanding recycled paper
capacity. Technically, itstill needs more advanced pulping and deinking technologies to reprocess
mixed paper bales from MRFs for producing high-quality packaging paper (e.g., from newsprint
to packaging) (Resource Recycling, 2022). The present study shows that considerable investments
would be needed to expand the domestic processing capacity of recycled paper products.
Announcement of anew mill might not guarantee it will be built due to the high capital investments
(Northeast Recycling Council, 2022). Supportive policies, programs, initiatives, and incentives
might be needed to facilitate the reutilization of recyclable papers and market expansion of
recycled paper products (U.S. EPA, 2021). In addition, capacity expansion depends on overall
demand for the final recycled products.

The PRISM considers the interactions between recyclable paper collection, MRF operations, and
recycling paper mill manufacturing. The model structure and features have demonstrated to
industrial operators from MRFs and paper recycling companies. The PRISM has been validated
and refined based on advice from those industrial experts. Still, one of the major model limitations
is the data paucity and quality of facility equipment cost. Since it is challenging to acquire real
cost data for equipment installed at paper mills, the cost data we used are obtained from the prices
of different equipment by searching on the manufacturing supplier website of Made-in-China
(Focus Technology Co. Ltd, 2022). However, all data documented in the PRISM can be updated
and adjusted by users to consider changes in parameters including energy efficiencies of emerging
advanced technologies, equipment cost, energy prices, and so forth.

Future work may expand the model with an analysis of GHG emissions from forest management
of virgin pulp production. This improvement can provide more robust results of GHG savings
derived from recycled paper utilization compared to virgin fiber-based pulp and paper. In addition,
GHG emissions from waste management for bale wastes and sludge at recycling paper mills (e.g.,
CH4 emission from sludge landfills) were estimated inthe PRISM but not presented in this study
owing to there is a lack of related data for virgin pulp production to be compared for validation.
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This assumption is consistent with WARM, which also left out the additional GHG emissions from
disposal of paper sludge at paper mills owing to the complexity of analyzing those second-order
effects and the lack of data (U.S. EPA, 2020D).

In future study, more scenarios considering the MRF processing capacity and price volatility in
recovered bales due to some disruptions (e.g., an increase in domestic recycled package
paperboard caused by COVID-19) in the supply chain could also be simulated to provide more
practical solutions for improving the U.S. paper recycling system. The PRISM will be open to
researchers upon request for conducting a lot of relevant scenario analysis at both the national and
facility level.

5. Conclusion

This study developed the PRISM to simulate the 2018 U.S. domestic paper recycling system by
characterizing system relationships between collection, sorting, and recycling paper mill
operations. The technology-rich model enables an exploration of the effects of technology
improvements on key indicators related to energy use, CO, emissions, total production cost, and
system cost. The PRISM was used to assess three pathways for achieving the national goal of
increasing the domestic paper recycling rate. The results suggest that an increase the single-stream
collection rate and improved sorting behavior by residents can achieve the increase in domestic
paper recycling rate by 15%. A trade shift of sorted bales from export to domestic recovery can
also increase the recovered paper utilization rate by 15%, but would require costly capacity
expansion of domestic recycling paper mills to process the additional 24.5 million tonnes of sorted
bales. The implementation of advanced technology could enable MRFs and paper mills to produce
recycled paper products with less energy and producing fewer GHG emissions, with some
exception because of the current reliance of recycling on fossil fuels. Government and industry
decisionmakers can use the PRISM to identify sustainable strategies for achieving the national
recycling goals and a shift towards a circular economy by understanding the tradeoffs between
system environmental and economic performance.
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