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Summary:   

Carbon recycling, in which organic waste is recycled into chemical feedstock for material 

production, may provide benefits in resource efficiency and a more cyclical economy - but may 

also create "trade-offs" in increased impacts elsewhere. We investigate the system-wide 

environmental burdens and cost associated with carbon recycling routes capable of converting 

municipal solid waste (MSW) via gasification and Fischer-Tropsch synthesis into ethylene. 

Results are compared to business-as-usual (BAU) cases in which ethylene is derived from fossil 

resources and waste is either landfilled with methane and energy recovery (BAU#1) or 

incinerated (BAU#2) with energy-recovery. Monte-Carlo and sensitivity analysis is used to 

assess uncertainties of the results. Results indicate that carbon recycling may lead to a reduction 

in cumulative energy demand (CED), total material requirement (TMR), and acidification when 

compared to BAU#1. Global warming potential (GWP) is found to be similar or slightly lower 

than BAU#1 and BAU#2. In comparison to BAU#2, carbon recycling results in higher CED, 

TMR, acidification and smog potential, mainly as a result of larger (fossil-based) energy offsets 

from energy-recovery. However, if a renewable power mix (envisioned for the future) is 

assumed to be offset, BAU#2 impacts may be similar or higher than carbon recycling routes. 

Production cost per kilogram MSW-derived ethylene range between US$ 1.85 to 2.06 (Jan 2011 

US$). This compares to US$1.17 per kilogram for fossil-based ethylene. Waste-derived ethylene 

breaks even with its fossil-based counterpart at a tipping fee of roughly $42 per metric ton of 

waste feedstock. 
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1. Introduction 

1.1. Challenges 

The use of fossil-fuels is common in energy generation and in the production of chemical 

feedstocks such as olefins and their subsequent polymers. Shifting the resource base for chemical 

and energy production from fossil feedstocks to renewable raw materials is seen by many as one 

of the key strategies towards sustainable development. Current research and policy initiatives 

focus mainly on the utilization of lignocellulose biomass, originating from agriculture and 

forestry, as second generation feed-stocks for bioenergy production (i.e. fuels, heat and 

electricity) (Bringezu and Schütz 2008; Bringezu et al. 2007; Earley and McKeown 2009).  

However, given a certain productivity per area, the current massive growth in global 

biofuels demand may, in the long term, only be met through an expansion of global arable land 

at the expense of natural ecosystems and in direct competition with the food-sector (Bringezu et 

al. 2009). Although many studies have shown the potential of biofuels production to reduce both 

greenhouse gas emissions and non-renewable energy consumption (Menichetti and Otto 2009; 

Zah and colleagues 2010), these production routes are still linear processes which depend on 

significant amounts of agricultural or forestry production area, and a growing demand may 

contribute to increased land use change and related tradeoffs (Bringezu et al. 2009). 

Future vision. In the future, carbonaceous feedstocks and all other natural resources will 

need to be used much more efficiently and their use-phase within the technosphere prolonged. 

Cascading use, i.e. when biomass is used for material products (e.g. chemicals and subsequent 

polymers, pulp & paper, construction materials) first and the energy content is recovered at the 

end-of-life, may provide a greater environmental benefit than primary use as fuel (Bringezu et al. 

2009; Dornburg 2004; Arnold et al. 2009; Weiss et al. 2007).  
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Going hand in hand with biomass cascading, the recycling of carbon flows from organic 

waste (i.e. biodegradable municipal solid waste (BMSW) and refuse-derived fuel (RDF), 

construction and demolition derived biomass, plastics wastes, and industrial organic wastes) 

could help to further reduce pressures on global terrestrial ecosystems. Currently, vast amounts 

of organic waste are discarded to landfills and incinerators in industrialized countries (EPA (U.S. 

Environmental Protection Agency) 2009a, 2009b; Eurostat 2009). Rapid economic growth and 

rise in community living standards in many of the low- or middle-income countries are likely to 

accelerate global waste generation and disposal rates (UN-HABITAT 2010). Disposal happens 

despite the fact that organic waste, being rich in carbon, could serve increasingly as feedstock for 

thermochemical (i.e. gasification and pyrolysis) and biochemical (i.e. fermentation and anaerobic 

digestion) technologies capable of recovering the carbon for further use as chemical feedstock 

(‘carbon recycling’).  

Instead of releasing carbon stored in the organic waste into the atmosphere, by applying 

conventional waste management (WM) practices such as incineration, carbon recycling aims at 

capturing the carbon for use as material feedstock (Bringezu 2011, 2009). Technologies such as 

gasification and anaerobic digestion allow the generation of a syngas (CO and H2) or biogas 

(CH4) from organic waste that can serve as feed not only for energy recovery but also for 

catalytic conversion towards important base chemicals such as naphtha and olefins. For example, 

the Fischer-Tropsch synthesis (FTS) (Spath and Dayton 2003) represents a widely applied route 

to provide base hydrocarbon mixtures from syngas which could then serve as an intermediate 

towards lower olefins (i.e. ethylene and propylene) (de Klerk et al 2005; Redman 2005; 

Steynberg et al 2004; Dancuar et al. 2003). Similarly, methanol-to-olefins (MTO) synthesis 

allows the production of olefins from syngas. Ethylene, for instance, represents a chemical 
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intermediate from which a variety of different products can be obtained, in particular polymers 

such as polyethylene, polypropylene, polyethylene terephthalate, polyvinylchloride and 

polystyrene (Morschbacker 2009). Generating subsequent synthetic materials would allow the 

carbon to stay longer in the use-phase, therefore adding to the stock of durable goods in the 

technosphere. Polymers generated could be recycled at the end of product-life to provide 

feedstock for either energy generation or for the production of syngas for chemicals synthesis, 

therefore closing the loop1 (Nuss and colleagues 2012). 

However, while a number of studies looked at the potentials of utilizing the organic waste 

fraction for both thermochemical and biochemical conversion (see (Nuss and colleagues 2012) 

for a literature summary), and some recent studies investigated environmental burdens associated 

with energy and fuels production from organic waste feedstock (Bez and colleagues 2001; 

Chester and Martin 2009; Kalogo and colleagues 2007; Khoo 2009; Münster and Lund 2009; 

Nuss and colleagues 2013; Stichnothe and Azapagic 2009), knowledge of the system-wide 

environmental impacts and economic costs associated with the provision of chemical feedstock 

and subsequent polymers (not just bio-fuels and energy) is still limited. 

 

1.2. Research question 

Against this background, the central research question addressed in this paper is: What are the 

life-cycle wide environmental burdens associated with the production of ethylene from MSW via 

thermochemical routes  and how do these compare to conventional fossil-based production 

routes as well as to current WM practices (i.e. landfilling and incineration)? While several routes 

are potentially capable of recovering carbon from organic waste for ethylene provision, this 

paper focuses specifically on the combination of gasification/FTS as an example of carbon 
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recycling for which sufficient inventory data is available. In addition to environmental burdens, 

the study includes a cost analysis of some of the carbon recycling routes investigated. Ethylene 

was chosen as it currently represents one of the most versatile intermediates and highly 

optimized production routes (rigorous reference for comparison) towards industrial polymer 

production. Landfilling and incineration are chosen as comparative (business-as-usual) systems 

since the majority of waste in the United States (U.S.) is currently treated via these routes.     

 

2. Methods 

2.1. Life cycle assessment (LCA) 

The main research method used is LCA (ISO (International Standard Organization) 2006a, 

2006b) to evaluate the system-wide environmental impacts of carbon recycling and comparative 

systems. The waste-to-ethylene (foreground) system includes: 1.) Physical sorting of the mixed 

waste 2  feedstock (MSW classification) and diversion of the refuse-derived biodegradable 

fraction (BMSW 3 ) to the gasification/FTS plant, 2.) Gasification and syngas cleaning, 3.) 

Catalytic conversion (FTS) followed by syncrude upgrading, and 4.) Steam cracking to obtain 

the final ethylene product (‘cradle-to-factory gate’). Life cycle inventory (LCI) data comes from 

publically available sources including scientific publications and technical reports, as well as 

LCI databases  (Ecoinvent 2010; NREL (National Renewable Energy Laboratory) 2008) and is 

given in detail in the supporting information available on the journal's Web site. Conversion systems 

are assumed to be located in the U.S. using region-specific inventory data with regards to waste 

composition, technological parameters and background data to the extent possible. Technologies 

investigated are existing processes for which data is available on pilot or demonstration scale 

(e.g. waste gasification and FTS) as well as currently operated processes (e.g. municipal solid 
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waste (MSW) classification and naphtha steam cracking). SimaPro 7.3 LCA software was used 

to develop the LCA model and carry out the life cycle impact assessment (LCIA). A combination 

of commonly used LCIA methods is used to assess global warming potential (GWP) and 

cumulative energy demand (CED) (Goedkoop et al. 2008), total material requirement (TMR) 

(MIPS4 (Lettenmeier et al. 2009; Ritthoff et al. 2002), water use (Goedkoop et al. 2009), and 

acidification and smog5 (Bare and colleagues 2002). 

Carbon balance: Carbon accounting in LCA modeling of waste management systems is 

not always consistent (Christensen and colleagues 2009). Some models do not quantify biogenic 

carbon dioxide (CO2) emissions, assuming carbon neutrality of waste biomass and neglecting 

potential carbon stock changes (Johnson 2009) within the technosphere, while others quantify 

but do not report biogenic CO2 emissions in GWP. Differences also exist in dealing with carbon 

temporarily sequestered in landfills and products which depends on the time horizon interested in 

when assessing GWP (Brandão and colleagues 2013; Christensen and colleagues 2009).  

In our model, impacts to GWP consist of: (1) Emissions of fossil-based carbon as well as 

methane (CH4) (from landfills), (2) Biogenic CO2 losses resulting from the treatment of BMSW, 

either by carbon recycling or conventional treatment (landfilling or incineration), and (3) Carbon 

storage 6  for waste-carbon sequestered either in the final chemical product (ethylene) or in 

landfills. Quantifying biogenic CO2 accounts for the fact that by using BMSW for energy and/or 

chemicals recovery, carbon stocks within the technosphere are in fact depleted (e.g. woody 

biomass wastes may have been part of the technosphere stock of carbon for several years). 

Carbon storage accounts for the fact that, similar to carbon sinks in landfills, carbon recycling 

schemes producing platform chemicals (ethylene) for further use in durable goods would prolong 

the retention time of carbon within the technosphere7.  
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However, we recognize that there are multiple approaches to biogenic carbon accounting. 

Hence, in order to allow for transparency in impacts to GWP, we report the detailed shares of 

fossil vs. biogenic carbon emissions and carbon sequestration with our results.       

 

2.1.1. Comparison of carbon recycling with business-as-usual (BAU) scenario 

We compare carbon recycling, which diverts organic waste feedstock and generates 1 

kilogram (kg) of ethylene (functional unit), to a ‘business as usual’ (BAU) case in which 

conventional waste treatment is applied and ethylene is derived from fossil resources (Figure 1).8 

In this comparison, the environmental burdens associated with the use of MSW for producing 1 

kg of ethylene (system [B]) is compared to the environmental load associated with conventional 

treatment (i.e. 100% landfilling (BAU#1) or 100% incineration (BAU#2)) of an equivalent 

amount of waste and the production of 1 kg fossil-based ethylene (system [A]).  
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Figure 1. Production of ethylene as waste management option. The functional unit for comparison is 1 kg of 
ethylene at the factory gate. BAU: Business-As-Usual. MSW: Municipal Solid Waste. BMSW: Biodegradable 
Municipal Solid Waste (refuse-derived from front-end classification). FT: Fischer-Tropsch.  

 

Landfills and incinerators generate electricity offsetting conventional power from the 

U.S. average power grid (Ecoinvent 2010) (system expansion). For carbon recycling systems, we 

use a combined allocation/system expansion approach in which environmental burdens from 

multi-output processes (MSW classification, FTS, and steam cracking) are allocated based on 

physical relationships, i.e. energy content for Fischer-Tropsch (FT)-diesel and FT-naphtha from 
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FTS, and mass for outputs from MSW classification (BMSW, recyclables/compostables, and 

scraps) and steam cracking (ethylene, propylene and other hydrocarbons). Similar to WM 

systems in the BAU scenarios, excess electricity co-produced from FTS is treated via system 

expansion, whereby electricity replaced is assumed to come from the U.S. average power grid. 

 

2.1.2. Uncertainty assessment and sensitivity analysis 

We use Monte Carlo (MC) simulation to estimate combined LCI parameter uncertainties of our 

LCA model with details given in the supporting information on the Web (section 1.2).  

Furthermore, we test the sensitivity of assumptions made on the LCA results by varying  

assumptions regarding (1) Allocation (physical vs. economic), (2) Future low carbon energy mix 

(using energy shares from the International Energy Agency (IEA) BlueMap Scenario (IEA 

(International Energy Agency) 2010)) and energy substitution (substitution of non-baseload 9 

power in the U.S. (EPA (U.S. Environmental Protection Agency) 2011)), (3) Increased 

conversion efficiency (from BMSW to FTS), and (4) Energy inputs to the steam cracker (see the 

supporting information on the Web, section 3.7). 

 

2.2. Cost analysis 

Process based cost analysis  (Kirchain and Field 2000) is used to estimate the costs related to 

carbon recycling systems under investigation. Costs are given per functional unit of 1 kg of 

ethylene. The LCI provides the quantities of material and energy flows, and consumption-related 

costs are obtained by multiplying these quantities with the respective market prices. Included are 

also typical costs for residue disposal (e.g. waste water, ash, slag, etc.) in the U.S.  



12 

 

The cost perspective chosen is the cost for the product manufacturer. All costs are 

corrected for inflation and recalculated for January 2011 (base year) (USDOL (United States 

Department of Labor) 2011). 

  One time capital expenses (i.e. equipment and engineering & contingency) are allocated 

over a depreciation period using the capital recovery factor (CRF): 

𝐶𝐶𝐶 =
[𝑟(1 + 𝑟)𝑚]

[(1 + 𝑟)𝑚 − 1] 

In this equation, m is the number of years over which the cost is allocated and r equals 

the discount rate (Kirchain and Field 2000). For this study we use: period under consideration 

(m) = 20 years; and discount rate (r) = 8%. This results in a CRF of 10.19 %10. The equipment 

was assumed to run for 8395 hours a year or 365 days a year and 23 hours a day. The time 

deducted takes into account possible unplanned downtime. 

If not included in the capital cost figures, project contingencies were added to the 

equipment costs to cover project uncertainty and the cost of any additional equipment that could 

result from a more detailed design. The total capital investment (TCI) of a conversion plant is 

then equal to the sum of the equipment and contingency cost. Cost contingencies applied to 

economic analysis of gasification/FTS facilities range from 10 – 30% (Hamelinck 2004; Niessen 

et al 1996; Van Bibber et al. 2007; van Vliet et al 2009). For this study, a 15% project 

contingency is applied to the entire plant (in addition to installation factors given in the 

literature) and a process contingency of 25% applied to the FTS unit to reflect larger uncertainty 

relative to other sub-processes (Van Bibber and colleagues 2007). 

 Operating cost figures include material and energy cost, waste treatment cost, operating 

labor, as well as maintenance cost and other overhead expenses. The prices of FT diesel, 
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propylene, other hydrocarbons and electricity are based on a constant average oil price of 79-104 

US$/bbl for the time frame 2010 to 2011 (see the supporting information on the Web, section 4).   

 

3. Inventory data 

A brief description of LCI data sources and assumptions is given below. More details are 

provided in the supporting information on the Web.  

 

3.1. Carbon recycling systems 

We investigate carbon recycling systems using inventory data for three different 

gasification/FTS systems, namely Battelle, MTCI, and Choren (see the supporting information 

on the Web, table S2). While the Battelle and MTCI gasifiers underwent pilot runs using RDF 

(Niessen et al. 1996; Paisley et al. 1989; Jungbluth et al. 2007), inventory data for the Choren 

system is based on wood chips use only (Jungbluth et al. 2007; RENEW 2006). However, 

personal communications with Choren indicated that the Carbo-V gasifier was able to 

successfully convert dry stabilate as well as waste tires into a clean synthesis gas during test-runs 

in the past (Bilas 2010). This study assumes that MSW classification and subsequent drying will 

provide a feedstock of sufficient purity to be fed to the Carbo-V gasifier. The Choren datasets are 

used to cross-check results of the other two conversion systems investigated. In general, carbon 

recycling via FTS is mostly suited for dry waste feedstock, while wet waste is more appropriate 

for biochemical conversion routes (Kamm et al. 2006). The combination of front-end 

classification (Broder and colleagues 1993), generating a ‘waste fluff’, and subsequent drying 

using waste heat from the gasification process, is assumed to provide a waste feed of sufficient 

quality for gasification11. Subsequent FTS (syngas to FT-liquids) is based on inventory data from 
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(Van Bibber and colleagues 2007; Jungbluth and colleagues 2007b; Marano and Ciferno 2001), 

while the naphtha steam cracking step (FT-naphtha to ethylene) is based on (CPM (Centrum för 

Produktrelaterad Miljöanalys) 2010; Dancuar and colleagues 2003; UBA (Umweltbundesamt) 

2010).        

     

3.2. Business-as-usual (BAU) cases 

Carbon recycling systems are compared to a BAU case in which 1 kg ethylene stems from fossil 

fuels (NREL (National Renewable Energy Laboratory) 2008) (i.e. natural gas in the U.S.) and 

BMSW is either landfilled or incinerated (both with energy recovery) (Figure 1). Greenhouse gas 

(GHG) emissions associated with U.S. average landfills receiving BMSW come from the U.S. 

Environmental Protection Agency (EPA) Waste Reduction Model (WARM) (EPA (U.S. 

Environmental Protection Agency) 2006) (0.572 kg carbon dioxide equivalent [CO2-eq] per kg 

BMSW).12 Since the WARM model only provides impacts to GWP, all other impacts are derived 

using European reference Life Cycle Database (ELCD) data in which 22% landfill gas is 

recovered for flaring and 28% used for energy generation (0.10 kilowatt-hours per kilogram 

[kWh/kg] BMSW)13 offsetting conventional grid power (European Commission 2011). 

Inventory data for waste incineration is taken from the ELCD database (European 

Commission 2011). Most of the waste-to-energy (WtE) plants in the U.S. recover electricity 

(EPA (U.S. Environmental Protection Agency) 2006). Given a  power generation efficiency for 

RDF facilities of 16.3%14 (EPA (U.S. Environmental Protection Agency) 2006) and an energy 

content of 11.588 megajoules per kilogram (MJ/kg) BMSW, 0.53 kilowatt-hours per kilogram 

BMSW are delivered to the grid offsetting conventional power.15 TMR data for both incineration 

and landfilling were obtained from (Schmidt 2003). 
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3.3. Energy systems 

We use data from (Ecoinvent 2010) for current U.S. average power (0.76 kg CO2-eq/kWh) and 

from (IEA (International Energy Agency) 2010; Koornneef and colleagues 2008; Ecoinvent 

2010) for a future low-carbon power mix (IEA BLUE Map Scenario, 0.206 kg CO2-eq/kWh)16 

(see sensitivity analysis), to model energy in- and outputs (offsets) as part of the foreground 

system  The marginal power mix (consisting of 100% coal (NREL (National Renewable Energy 

Laboratory) 2008); 1.31 kg CO2-eq/kWh)17 comes from plants that are more likely to respond to 

incremental changes in electricity supply and demand (see the supporting information on the 

Web, section 2.7). 

 

4. Results and discussion 

A brief discussion of LCIA results is given below. More details are provided in the supporting 

information on the Web, sections 3 and 4. 

 

4.1. Environmental assessment 

Table 1  summarizes the environmental impacts that are estimated to occur if BMSW were used 

as feedstock for 1 kg ethylene production. The BAU scenarios show the environmental burdens 

of generating an equivalent amount of ethylene from fossil raw-materials in the U.S. and take 

into account that BMSW would be either landfilled (BAU#1) or incinerated (BAU#2). Relative 

contributions of unit processes to MSW-to-ethylene pathways are shown in Figure 2. Table 2 

shows the breakdown of GWP into fossil and biogenic carbon emissions as well as carbon 

sequestered. 
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Table 1 Environmental burdens associated with the production of 1 kg ethylene from municipal 

solid waste (MSW) and when compared to respective business-as-usual (BAU) scenarios. 

Impact category Unit MSW 
Route SD 2.5% 97.5% BAU#1, 

Landfilling3 
BAU#2, 
Incineration3 

Battelle        
GWP (total)1 kg CO2-eq 1.258E+01 2.59E+00 8.55E+00 1.87E+01 1.256E+01 1.382E+01 
CED MJ-eq 3.035E+01 9.25E+00 1.86E+01 5.44E+01 8.214E+01 -3.142E+01 
TMR kg 3.696E+00 5.52E-01 2.76E+00 5.00E+00 1.441E+01 5.924E-01 
Acidification H+ moles-eq 7.499E-01 1.25E-01 5.44E-01 1.03E+00 1.547E+00 -4.438E-01 
Smog g NOx-eq 9.172E-03 1.60E-03 6.52E-03 1.29E-02 8.319E-03 1.156E-03 
Water use m3 1.069E-02 1.98E-03 7.29E-03 1.50E-02 1.665E-03 4.203E-02 
MTCI        
GWP (total)1 kg CO2-eq 1.019E+01 2.97E+00 4.85E+00 1.87E+01 1.107E+01 1.065E+01 
CED MJ-eq 2.745E+01 8.04E+00 1.70E+01 4.57E+01 8.129E+01 -1.725E+01 
TMR kg 3.259E+00 7.44E-01 2.03E+00 4.93E+00 1.302E+01 1.029E+00 
Acidification H+ moles-eq 6.900E-01 1.71E-01 3.94E-01 1.05E+00 1.542E+00 -1.855E-01 
Smog g NOx-eq 8.746E-03 2.52E-03 4.28E-03 1.41E-02 7.619E-03 1.403E-03 
Water use m3 1.029E-02 3.40E-03 4.28E-03 1.75E-02 1.464E-03 3.649E-02 
Choren        
GWP (total)1 kg CO2-eq 4.866E+00 1.27E+00 2.73E+00 7.52E+00 7.664E+00 8.684E+00 
CED MJ-eq 2.831E+01 8.42E+00 1.90E+01 4.57E+01 7.895E+01 2.187E+01 
TMR2 kg - - - - 9.179E+00 2.232E+00 
Acidification H+ moles-eq 6.205E-01 1.30E-01 4.42E-01 9.28E-01 1.528E+00 5.274E-01 
Smog g NOx-eq 7.924E-03 2.72E-03 4.59E-03 1.49E-02 5.685E-03 2.084E-03 
Water use m3 1.269E-02 2.18E-03 8.90E-03 1.74E-02 9.086E-04 2.120E-02 
1Global Warming Potential (GWP) includes all fossil and biogenic carbon emissions as well as carbon storage in 
ethylene and landfills. 2Total material requirement (TMR) has been excluded due to the aggregated nature of 
the Choren dataset. 3Includes environmental burdens of producing 1 kg of fossil-based ethylene. SD: Standard 
deviation. 2.5%/97.5% represents the 95% confidence interval according to Monte-Carlo (MC) analysis. A total 
of 1000 MC runs were carried out for each parameter and system under investigation. One gram (g) = 10-3 
kilograms (kg, SI) ≈ 0.035 ounces (oz). One cubic meter (m3, SI) = 103 liters (L) ≈ 264.2 gallons (gal). CED = 
Cumulative Energy Demand. H+ moles-eq = . 
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Table 2 Breakdown of Global Warming Potential (GWP) into fossil/methane and biogenic carbon emissions, as 
well as carbon sequestered per kg ethylene at the factory gate. 

 
Unit  
[per kg 
ethylene] 

MSW 
Route 

BAU#1, 
Landfilling 

BAU#2, 
Incineration 

Battelle     GWP (fossil) kg CO2-eq 1.96 1.761 -5.031,2 

GWP (CH4 from landfills) kg CO2-eq 0.00 17.58 0.00 
GWP (biogenic CO2) Kg CO2-eq 13.77 5.59 18.85 
GWP (total) excluding carbon 
storage kg CO2-eq 15.73 24.93 13.82 

Net carbon storage kg CO2-eq -3.153 -12.374 0.00 
GWP (total), including carbon 
storage5 kg CO2-eq 12.58 12.56 13.82 

MTCI     GWP (fossil) kg CO2-eq 1.79 1.691 -4.201,2 

GWP (CH4 from landfills) kg CO2-eq 0.00 15.26 0.00 
GWP (biogenic CO2) kg CO2-eq 11.56 4.85 14.85 
GWP (total) excluding carbon 
storage kg CO2-eq 13.35 21.80 10.65 

Net carbon storage kg CO2-eq -3.153 -10.734 0.00 
GWP (total), including carbon 
storage5 kg CO2-eq 10.19 11.07 10.65 

Choren     GWP (fossil) kg CO2-eq 2.02 1.551 -2.301,2 

GWP (CH4 from landfills) kg CO2-eq 0.00 9.96 0.00 
GWP (biogenic CO2) kg CO2-eq 6.00 3.17 10.99 
GWP (total) excluding carbon 
storage kg CO2-eq 8.02 14.67 8.68 

Net carbon storage kg CO2-eq -3.153 -7.004 0.00 
GWP (total), including carbon 
storage5 kg CO2-eq 4.87 7.66 8.68 
1Includes environmental burdens of producing 1 kg of fossil-based ethylene. 2Negative burden 

due to energy offsets being larger than fossil-based greenhouse gas emissions. 3Based on carbon 

content of 1 kg ethylene at the factory gate. 4Carbon sequestered in landfills (Based on WARM 

model numbers. See the supporting information for more details).5Reported in this study (Table 

1). GWP(total) = GWP(fossil) + GWP(CH4) + GWP(biogenic CO2) + Net Carbon Storage. 

MSW = Municipal Solid Waste. BAU = Business-as-usual. 
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Figure 2. Relative contributions of unit processes to system-wide environmental burdens of municipal solid 
waste (MSW)-to-ethylene technologies. Negative burdens indicate energy offsets from excess electricity co-
produced at the Fischer-Tropsch Synthesis (FTS) unit (system expansion) and/or carbon storage. *TMR for the 
Choren system has been excluded due to the aggregated nature of the dataset. **FTS for the Choren plant 
includes gasification and FT-naphtha production (aggregated dataset). GWP: Global Warming Potential; CED: 
Cumulative Energy Demand; TMR: Total Material Requirement; AP: Acidification potential; WU: Water use. 

 

Conversion efficiencies: Applying allocation based on physical relationships, 10.7 kg 

BMSW (Choren), 16.4 kg BMSW (MTCI), and 18.9 kg BMSW (Battelle) are required for the 

generation of 1 kg of ethylene at the factory gate. The lower feedstock requirements of the 

Choren plant is due to a higher lower-heating value (LHV) conversion efficiency18 of 53% (from 

BMSW to FT-liquids) when compared to only 27% and 31% for the Battelle and MTCI systems, 
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respectively (see the supporting information on the Web, table S6). We investigate the impact of 

varying conversion efficiencies on the overall environmental burdens as part of the sensitivity analysis. 

Interpretation of results: Results of the assessment show that when compared to 

BAU#1 MSW-ethylene routes lead to lower environmental burdens with regards to CED, TMR 

and acidification, but to higher impacts to smog and water use. GWP associated with MSW-to-

ethylene production is roughly similar to landfilling. Impacts of BAU#1 to all categories are 

positive, even if the avoided burdens of LFG energy recovery are taken into account. As a result, 

BAU#1 impacts are higher for the Battelle and MTCI landfilling scenarios, diverting larger 

amounts of BMSW, than for the Choren landfilling scenario (Table 1).     

On the other hand, larger energy offsets associated with BMSW incineration drastically 

reduces environmental impacts to all categories in BAU#2, except GWP and water use, resulting 

in lower impacts when compared to the respective MSW-to-ethylene routes (Table 1). In 

BAU#2, negative impacts to CED and acidification are due to the avoided impacts of fossil 

energy offsets being larger than the cumulative environmental burdens of fossil-based ethylene 

production and waste treatment via incineration. Water use was found to be highest for BAU#2 

scenarios. 

GWP is largely governed by biogenic CO2 and CH4 emissions from BMSW feedstock 

utilization (Table 2). While both MSW-to-ethylene routes and landfills sequester a portion of the 

waste carbon, incinerators release all carbon back to the atmosphere during combustion. Hence, 

notwithstanding rather efficient energy recovery, GWP (total) is within the range of other 

systems investigated. However, impacts to GWP are influenced by assumptions made with 

regards to carbon storage in the ethylene product (carbon recycling) and landfills (BAU#1). 

Excluding sequestration credits from the analysis, i.e. not converting carbon stored into CO2 

equivalents and subtracting them from the sum of fossil and biogenic carbon emissions, leads to 
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an increase in total GWP of 3.15 kg CO2 for MSW-to-ethylene routes (based on a carbon content 

of 0.86 kg/kg ethylene), and 7.0 – 12.4 kg CO2-eq for BAU#1 (based on landfills net carbon 

storage given in (EPA (U.S. Environmental Protection Agency) 2006)) (all numbers per kg 

ethylene). As a result, BAU#1 has the highest GWP (Table 2) This simple analysis shows how 

assumptions with regards to carbon accounting can change the outcome of the analysis with 

regards to GWP.           

For MSW-to-ethylene systems, impacts to GWP, CED, and TMR are, to a large extent, 

due to energy inputs (heat) to the steam cracker (Figure 2), converting FT-naphtha into light 

olefins. During the FTS step, electricity is co-produced, most of which is used internally. 

However, both the MTCI and Battelle conversion systems generate a small amount of excess 

electricity (0.26 and 0.17 kWh/kg FT-liquids) offsetting conventional electricity from the U.S. 

national grid (negative burdens in Figure 2). Negative burdens to GWP are also due to carbon 

sequestered in the ethylene product. Impacts from MSW classification to all categories are due to 

electricity requirements (33kWh/metric ton) to the front-end sorting system.19  

Impacts from gasification are largest for GWP, TMR, acidification, smog, and water use. 

For GWP this is due to on-site emissions of biogenic CO2, while impacts to TMR are mainly a 

result of inputs of gasifier bed materials, chemicals and water (syngas cleanup). Acidification 

impacts are largely a result of on-site emissions of sulfur dioxide (SO2) and nitrogen oxides 

(NOx) during gasification, FTS, and steam cracking (off-gases). Similarly, smog potential is 

mainly due to NOx and volatile organic compounds (VOCs) emitted on-site. While typical off-

gas emission profiles from gasification are based on actual organic waste treatment (Khoo 2009) 

and those of FTS on biomass gasification (Marano and Ciferno 2001), we use emissions profiles 

from conventional fossil-based naphtha steam crackers using crude-oil because other data are 
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unavailable20 (Dancuar and colleagues 2003; CPM (Centrum för Produktrelaterad Miljöanalys) 

2010; UBA (Umweltbundesamt) 2010). While FT-naphtha is generally free of sulfur and 

nitrogen compounds (de Klerk 2007, 2008), fossil-based naphtha may carry higher amounts of 

these pollutants.  The lack of actual emissions data from waste-derived naphtha steam cracking is 

reflected in uncertainties, in particular with regard to smog (Table 1).  

Water use is dominated by the gasification process. This is due to direct inputs of 

feedwater for steam production, cooling, and use in wet scrubbers (syngas cleaning). In addition, 

water is used in many of the chemicals inputs to gas cleaning such as sodium hydroxide (NaOH) 

and sulfuric acid (H2SO4) (Ecoinvent 2010). 

Although not assessed in a quantitative manner, MSW-to-ethylene related impacts to land 

occupation and indirect land use change are likely to be minimal when compared to biomass-

based routes. Carbon recycling systems can utilize and divert organic waste feedstock that would 

otherwise go to landfills and incinerators. Carbon stored in chemical end-products and plastics 

would delay atmospheric GHG emissions. Their reuse by the very same systems (gasifiers may 

use any type of organic waste including the plastic fraction) reduces the area of land required for 

carbon uptake to produce virgin biomass.  

However, current carbon recycling efficiencies from BMSW to ethylene are only about 

19% for the Battelle, 24% for the MTCI, and 33% for the Choren system21. With improvements 

in conversion efficiencies (see sensitivity analysis) this percentage may be increased and more 

carbon kept within the technosphere. 
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4.2. Marginal power mix and future energy scenario  

Assuming marginal 22  energy offsets leads to minimal changes in environmental burdens 

associated with MSW-to-ethylene routes (see the supporting information on the Web, section 

3.7.2). This is due to only small amounts of power co-produced by the FTS unit. For BAU 

scenarios, replacing more carbon-intensive energy at the margins, leads to lower environmental 

impacts.   

Under a future energy scenario, using power shares from the IEA Blue Map scenario, 

MSW-to-ethylene routes may result in lower impacts with regards to GWP, TMR, acidification, 

and water use (and roughly similar impacts with regards to CED for the Choren route) when 

compared to BAU#2 (see the supporting information on the Web, section 3.7.2). This is due to a 

less carbon and energy intensive power mix being offset and indicates that while under current 

conditions carbon recycling may only be environmentally superior to conventional landfilling 

(and incineration with regards to GWP and water use), in the long-term (i.e. 2050 (BLUE Map 

scenario)) the shift towards alternative sources of energy could lead to carbon recycling having 

similar or slightly higher impacts than WtE production via conventional incineration23. 

 

4.3. Sensitivity analysis 

Results of our analysis were found to be sensitive to varying conversion efficiencies and energy 

inputs to the steam cracker, as well as to the choice of allocation for by-products generated (see 

the supporting information on the Web, section 3.7). Optimizing current system configurations to 

increase conversion efficiencies (we assume up to 50% from BMSW to FT-liquids based on the 

fact that 50-60% efficiencies are expected by biomass-based systems (see the supporting 

information on the Web, table S6) and reduce heat inputs to the steam cracker could lead to a 
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significant reduction in environmental burdens. Considering economic instead of physical 

allocation may exclude environmental burdens associated with MSW classification (due to the 

low value of BMSW) therefore resulting in a further reduction in environmental burdens, in 

particular with regards to GWP and CED. 

 

4.4. Cost analysis 

When all parameters are set at their ‘base-value’, the production costs of 1 kg ethylene at the 

factory gate are US$ 2.06 for the Battelle and US$ 1.85 for the MTCI system, respectively (Jan 

2011 US$). This compares to currently US$ 1.17 per kg fossil-based ethylene in the U.S. (CMAI 

(Chemical Market Associates, Inc.) 2011). The lower cost for ethylene produced via the MTCI 

route is due to a slightly higher conversion efficiency which is, however, offset to some extent by 

less revenue obtained from BMSW tipping fees. 

Parameters largely affecting the final ethylene costs are shown in Table 3. We vary each 

of these parameters between the ranges given in the table to determine the sensitivity of the cost 

figures. Figure 3 shows results of the sensitivity analysis for the Battelle system as example. 

 

Table 3 Main parameters used for the cost analysis and the ranges for the sensitivity analysis. Product prices 
indicate revenue streams. Biodegradable municipal solid waste (BMSW) represents a revenue stream because a 
tipping fee would be collected by waste managers to landfill or incinerate the waste feedstock. 

Parameter Unit Value Range 
Capital cost US$/kg ethylene 3.11 (varies per concept)  70 - 130 % 
BMSW tipping fee US$/metric ton 30 15 - 45 
FT-diesel US$/kg 0.99 0.6 - 1.4 
Propylene US$/kg 1.57 0.94 - 2.19 
Other hydrocarbons US$/kg 0.96 0.5 - 1.4 
Interest rate (r ) % 8 4 – 12 
Depreciation period (m) Years 20 10 – 30 
Load factor hours/year 8395 6716 – 8760 
    

Note: FT: Fischer-Tropsch. 
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Figure 3. Sensitivity of the production cost of the Battelle carbon recycling system to the parameter variation. 
Please note that 100% on the axis corresponds to the base value of the cost model (zero variation). BMSW: 
Biodegradable Municipal Solid Waste. FT: Fischer-Tropsch. 

 

Possible price fluctuations in revenues associated with by-products such as FT-diesel and 

other hydrocarbons as well as variations in cost model parameters such as capital cost and load 

factors were found to have a significant effect on the ethylene production cost (Figure 3). In this 

regard, further research in the effects of price volatility and anticipated future oil prices on the 

production cost of carbon recycling would be of interest. Due to the preliminary nature of 

equipment cost this factor represents a major uncertainty. 
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Furthermore, the feedstock price for the carbon recycling technologies was varied from 

$-70 to $+50 per metric ton (Figure 4). Here, the negative prices indicate a tipping fee which is 

likely to vary depending on the region (e.g. highly populated areas are likely to charge a higher 

tipping fee than rural areas). On average, conventional biomass costs $48.5 per dry metric ton 

(Valkenburg and colleagues 2008) and hence we choose a maximum price of $50/metric ton. 

 

 

Figure 4. Ethylene production cost versus waste feedstock price for the Battelle and MTCI system. LHV: Lower 
Heating Value (conversion efficiency). 

 

Figure 4 shows that at current LHV conversion efficiencies (from BMSW to FT-liquids) 

a tipping fee of roughly $42 per metric ton, both waste-to-ethylene systems may become 

economically competitive to fossil-based ethylene production. However, if carbon recycling 

systems were able to achieve higher conversion efficiencies of 50%, as reported in the literature 
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for biomass-based FTS systems, ethylene production might be economically viable even if no 

tipping fee is charged. In the figure, flatter slopes at higher conversion efficiencies indicate that 

less waste feedstock is required per kg of ethylene and hence production cost are less impacted 

by changes in BMSW cost. At a feedstock price of $50 per metric ton, carbon recycling at higher 

conversion efficiencies may allow ethylene production at costs of $3.10 to $3.55.       

 

5. Conclusion 

Our study has shown that carbon recycling, in which organic waste is recycled into naphtha for 

chemical feedstock production, may have the potential to reduce environmental burdens with 

regards to GWP, CED, TMR, and acidification when compared to conventional landfilling and 

fossil-based ethylene production in the U.S. (BAU#1). However, when compared to incineration 

with energy-recovery, as it is implemented in European countries, carbon recycling based on 

currently available technologies results in higher system-wide impacts with regards to CED, 

TMR, acidification, and smog potential – mainly as a result of large energy offsets associated 

with waste incineration. However, in the future energy offsets may not be as significant as power 

comes increasingly from renewable sources and hence carbon recycling routes may become 

increasingly competitive to conventional incineration systems. 

While production costs seem not yet competitive to fossil-based ethylene provision, our 

cost comparison did not account for costs of BMSW treatment in a comparative BAU scenario. 

Under current conditions, waste-derived ethylene seems to breakeven with its fossil-based 

counterpart at a tipping fee of roughly $42 per metric ton of waste feedstock (and at a tipping fee 

of $5 to $10 at higher conversion efficiencies of 50% (from BMSW to FT-liquids)).  
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The modeled carbon recycling routes are based on existing technologies available today 

(though not in an integrated fashion). Uncertainty ranges associated with our results, derived 

from a combination of existing data, semi-quantitative approaches and sensitivity analysis, are 

large and may differ from those obtained in more detailed engineering design studies. Absolute 

results of our study should therefore be used with caution and many uncertainties will remain 

until the actual operation of similar integrated systems. However, our study was able to indicate 

the sources of large uncertainties, and identify the subsystems of the life-cycles responsible for 

the highest environmental burdens and costs.  

The LCA approach taken provides first insights into the system-wide environmental 

burdens associated with the investigated conversion systems. Nevertheless, to more fully 

understand the consequences and indirect implications of waste diversion on large scales a 

follow-up study might apply consequential LCA (Earles and Halog 2011; Ekvall 2000) to carbon 

recycling routes in the United States and other regions. 
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Additional supporting information may be found in the online version of this article: 

 

Supporting Information S1: This supporting information contains further details on 
LCA methodology, the assumptions used for the carbon recycling systems along with 
tables of the foreground life cycle inventories, and contribution analysis for each carbon 
recycling system and impact category. In addition, detailed figures for the sensitivity 
analysis are provided. 
 
 

 

                                                 

 

 

 

 

 

1 Traditional mechanical or chemical recycling would still be the preferred option if less resource and energy 

intensive than carbon recycling routes investigated in this paper. 
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2 In this paper, MSW refers to the mixed waste stream from municipalities. Compostable waste refers to the 

biodegradable fraction of MSW that is recovered together with recyclables during MSW classification in a sorting 

plant. BMSW is used to describe the refuse-derived biodegradable waste fraction diverted to carbon recycling 

systems (see also subsequent footnote).     

3 While in reality the refuse-derived fraction (RDF) consists of paper, cardboard, woody biomass, food, and yard 

wastes, as well as plastics, to simplify the analysis with regards to biogenic vs. fossil carbon flows, we assume that 

all waste diverted to the carbon recycling systems is of bio-based origin only (here termed: BMSW).  

4 Material Input per Service Unit (MIPS) 

5 Characterization factors from (Bare and colleagues 2002) were developed for the United States and are hence used 

to calculate region-specific impacts including smog and acidification in the LCA model, in line with the 

geographical scope of this study.  

6 Carbon storage is included to be in line with the WARM model (EPA (U.S. Environmental Protection Agency) 

2006) in which carbon stored in landfills is counted as an anthropogenic sink. 
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7 Accounting for carbon sequestration in ethylene assumes that ethylene-based durable goods would (similar to 

landfills) store biogenic carbon over the course of several years. This assumption obviously depends on the life-time 

of products generated which is not further investigated. 

8 One kilogram (kg, SI) ≈ 2.204 pounds (lb). 

9 According to (EPA (U.S. Environmental Protection Agency) 2006), using non-baseload power might provide a 

more accurate estimate of the marginal emission rates (which would most likely be offset by electricity produced as 

co-product e.g. from novel carbon recycling schemes and waste energy systems) than the average U.S. power mix. 

10 For comparison, (Chiang 2005) use a discount rate of 15% and 25 years for biomass-to-ethylene systems, and 

(van Vliet and colleagues 2009) use a 10% discount rate and 10 years for biomass-based FTS systems. 

11 Given a BMSW water content of 37% (wt.), the energy requirement for drying is 1.57 MJ/kg syngas (Battelle), 

1.36 MJ/kg syngas (MTCI), and 4.16 MJ/kg FT-liquids (Choren). The heat for drying is supplied from waste heat 

generated during the gasification/FTS process (Battelle: 4.3 MJ/kg syngas, MTCI: 3.7 MJ/kg syngas, Choren: 4.9 

MJ/kg FT-liquids) (see also supporting information section 2.2). 
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12 Includes carbon storage in landfills and energy offsets (U.S. average power, 0.775 kg CO2-eq/kWh). U.S. average 

landfills include systems with/without landfill gas (LFG) recovery equipment either for flaring or energy recovery. 

See supporting information Tables 10 and 11 for more details. Carbon dioxide equivalent (CO2-eq) is a measure for 

describing the climate-forcing strength of a quantity of greenhouse gases using the functionally equivalent amount 

of carbon dioxide as the reference. 

13 One kilowatt-hour (kWh) ≈ 3.6 x 106 joules (J, SI) ≈ 3.412 x 103 British Thermal Units (BTU). 

14This includes a 5% line loss rate for WTE facilities utilizing RDF according to (EPA (U.S. Environmental 

Protection Agency) 2006). 

15 One megajoule (MJ) = 106 joules (J, SI) ≈ 239 kilocalories (kcal) ≈ 948 British Thermal Units (BTU). 

16The goal of including the BLUE Map mix in our analysis is not to exactly estimate its potential future impacts, but 

rather use it as a widely accepted proxy to investigate how an envisaged low-carbon energy mix, based on large 

shares of renewables, will impact results of our LCA model. 

17Consisting of electricity from coal-fired power plants.   

18 Here calculated as: (LHVFT-liquids + LHVExcess Electricity) / (LHVBMSW input) 
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19 One metric ton (t) = 103 kilograms (kg, SI) ≈ 1.102 short tons. 

20 However, yields are based on FT-naphtha steam cracking test runs for the production of light olefins. 

21 Carbon conversion efficiency = Chemical Feedstock [Kgcarbon out]/Feedstock [kgcarbon in] x 100%.  

22  Non-baseload power from coal-fired power plants. A marginal power mix is included to be in line with 

assumptions from the EPA WARM model, which assumes that electricity displaced is fossil-derived (see also 

section 2.7 in the supporting information). 

23 This does not take into account possible future changes in efficiencies for both conventional WM systems as well 

as carbon recycling routes. 


