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The oil and gas industry is increasingly seeking operational improvements to reduce costs and emissions while improving resilience. This study describes techno-economic analysis of opportunities for distributed energy resources that could be integrated to support oil and gas companies’ economic, environmental, and energy resiliency goals. Specifically, the analysis evaluates solar photovoltaics, wind turbines, battery energy storage, landfill gas, biomass, municipal solid waste-to-energy, solar steam for process heat, combined heat and power, and electrolyzers for hydrogen production at two hypothetical refineries, one located in Louisiana and the other in southern California. These technologies could reduce the sites’ consumption of grid electricity and/or natural gas and thus can help reduce emissions. This study employs the ReOPT tool and System Advisor Model to evaluate the techno-economic potential for clean energy technologies to support refineries in achieving energy goals, including energy cost savings, resiliency, and emissions reductions. Results indicate that the associated costs of emissions reductions via several distributed clean energy technologies are competitive with other emissions reduction strategies such as energy efficiency, reducing flaring, direct carbon capture and sequestration, and markets under certain conditions. There are also cost beneficial opportunities for the use of renewable energy for refining, especially for resilience, depending on local conditions such as resources and utility costs. 
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1 INTRODUCTION
Global demand for energy and petroleum products continues to increase as fossil fuels are projected to continue to play a role in the global energy economy in the near-term decades (EIA, 2020). However, the environmental impacts of burning fossil fuels are becoming increasingly apparent. Significant reductions in emissions are required to limit anticipated global temperature increases (IPCC, 2018), and the industry is seeking ways to mitigate operational emissions.
Most petroleum-related greenhouse gas (GHG) emissions come from the final consumption of oil and gas products (EPA, 2018). However, the production, transportation, and refining of oil and gas also contribute significantly to global emissions, estimated at 15% of energy-related (IEA, 2020) and 9% of global (Gargett et al., 2019) GHG emissions. Thus, many companies in the oil and gas sector are setting goals to reduce their carbon footprints and investigating pathways to achieve these goals at least cost.
In addition to individual companies committing to renewable energy and emissions reduction investments and targets (Zhong and Bazilian, 2018; Besta, 2019; Shojaeddini et al., 2019; Roy, 2020) and addressing their role in the clean energy transition (Eni, 2018; Mit Energy Initiative, 2018) in annual reports, industry initiatives are developing to collectively lead this energy transition as well. For example, the Oil and Gas Climate Initiative is a group of oil and gas industry leaders accounting for almost 30% of global operated oil and gas production who explicitly support the Paris Agreement and its aims and are actively investing in low carbon solutions (OGCI, 2020). The Oil and Gas Methane Partnership, led by the United Nations Environment Program, the European Commission, and the Environmental Defense Fund, currently has 62 participating companies voluntarily aiming to track and reduce methane emissions (Seo and Bienkowski, 2020).
Various measures can help reduce emissions in oil and gas company operations, including energy efficiency measures, renewable energy generation, reducing flaring, carbon offsets, and carbon capture and sequestration. This article focuses on opportunities for integration of distributed energy resources (DERs) into petroleum refinery operations. Specifically, it evaluates how and where commercially-available distributed renewable electricity generation and storage technologies, including solar photovoltaics (PV), wind turbines, battery storage, landfill gas (LFG), biomass, municipal solid waste (MSW)-to-energy, solar steam for process heat, combined heat and power (CHP), and electrolyzers for hydrogen production, can reduce electric grid and natural gas consumption and associated costs and emissions at hypothetical case study refinery sites. Additionally, resilience to electric grid outages, such as those caused by natural disasters, extreme weather events, and cyberattacks, is becoming increasingly valued by industry; the role of DERs in supporting operational resiliency is also explored in this article.
In the literature, various articles and reports describe current and planned clean energy projects or examine specific case studies evaluating the benefits of integrating specific technologies at specific oil and gas sites. Many describe strategies and investments of various major oil and gas companies in the energy transition, including significant investment in renewable energy companies and technologies (Zhong and Bazilian, 2018; Besta, 2019; Shojaeddini et al., 2019; Roy, 2020). Several case studies indicate opportunity for offshore wind energy to help power offshore oil and gas platforms, either exporting excess generation to the onshore electric grid (He et al., 2013) or operating in parallel with gas turbines (Korpas et al., 2012). Kialashaki et al. (2016) describe a technical assessment of a “solar jack,” a solar PV-powered pump with variable speed drive for extraction at three case study oil wells in the United States. Xin et al. (2012) describe geothermal electric generation co-produced at an oilfield in China. Krah et al. (2020) describe a techno-economic analysis of solar PV, wind turbines, and battery storage to support cost savings, resilience, and emissions reductions at case study natural gas wells in the Marcellus Shale.
Additionally, several large-scale analyses evaluate where different clean energy generation technologies could be integrated into oil and gas operations. Ericson et al. (2019) describe current trends, opportunities, and challenges for integrating renewables into upstream, midstream, and downstream oil and gas operations. Absi Halabi et al. (2015) review efforts to utilize solar PV and solar thermal into oil and gas operations. Wang et al. (2017) screen nations for opportunities for solar PV and solar thermal for upstream and downstream operations by overlaying geospatial data about solar resource and upstream and downstream energy intensity. Elson et al. (2015) identify the petroleum refining industry as the largest source of waste heat and describe opportunities for waste heat to power in this industry along with several other high-potential industries. Kurup and Turchi (2015) identify petroleum and coal products manufacturing as the second highest industry in the United States, after chemical manufacturing, for natural gas consumption for direct process heating and boiler use and evaluate opportunities for concentrating solar power for direct heat in industrial applications in California. Forbes-Cable (2019) describes the opportunity for renewables to power offshore oil and gas platforms in some markets, including a case study in the North Sea.
To our knowledge, there are three other studies that look at renewable energy integration in refinery operations, and they are specific case studies of refineries in the Middle East. Alnifro et al. (2017) describe the opportunity for solar PV, concentrating solar power, and wind energy to cost effectively support refinery operations to reduce operational emissions. Norouzi et al. (2020) consider solar PV, CSP, and wind for refinery electricity demand. They are all determined to be economically feasible with a payback period of six to 10 years. Taqvi et al. (2021) use a MILP model seeking to minimize cost and emissions. Considering PV, CSP, wind, and energy storage, their results show that coupling wind with CSP would result in the largest carbon emissions reductions, which are then further reduced when including energy storage.
Most of this existing literature falls into one of two categories: either the study focuses on a case study of a specific technology at a specific site, or the study discusses high-level opportunities without considering site-specific factors driving technology feasibility or cost-effectiveness. Site-specific and technology-specific analyses are useful to evaluate the technical and/or economic feasibility of a specific technology at a specific site and allow for detailed technical and/or economic modeling, but do not necessarily yield broadly applicable results about that technology’s cost effectiveness at other sites, do not facilitate comparison across a portfolio of sites to identify sites with the best potential for cost savings or emissions reductions opportunities, and do not compare the costs and benefits of different technologies or discuss multi-energy integration to help prioritize the technology(ies) most appropriate for a particular site. On the other end of the spectrum, existing high-level screenings evaluating opportunities across different locations generally do not involve detailed technical, economic, and/or timeseries modeling and generally focus on one or two specific technologies. Existing high-level screenings evaluating opportunities across different processes within a given type of site (e.g., refinery) generally do not consider site specific or locational variations, such as renewable resources or energy prices.
Thus, this study seeks to bridge between high-level and site-specific analyses to present a methodology that facilitates portfolio-wide site screenings for nine different DERs while delving into the site-specific factors that drive resulting techno-economic feasibility. The methodology utilizes a now-open-source, timeseries model and mixed integer linear program (MILP) optimization to identify DER technology types and system sizes to maximize cost savings and to cost-optimally achieve various emission reductions targets. This software, called REopt®, and methodology, presented in this paper, could be used by oil and gas organizations, along with those in other energy-intensive industries, to screen a portfolio of sites and range of technologies for lowest-hanging fruit, while yielding detailed, site-specific results. Additionally, the analysis utilizes entirely publicly available data enabling this type of analysis without requiring proprietary data (though the methodology could be repeated with proprietary data to further enhance the site-specific accuracy of results). The analysis focuses on results for two specific case study sites in the United States (US) selected to highlight the locational drivers of project economics, such as energy costs, electric grid emissions rates, and renewable resources, and the importance in considering these factors.
This paper is organized as follows. We detail the models used, data sources, and scenarios explored in Section 2. Results from model runs are discussed in Section 3, including two different case studies: one where electric load is considered and another where thermal load is considered. Main factors explored include cost-optimal siting, resilience, emissions reductions, and cost of carbon. Finally, Section 4 offers conclusions and recommendations.
2 MATERIALS AND METHODS
This analysis evaluates distributed clean energy technologies at a hypothetical case study refinery in Gulf Coast Louisiana (LA) and in southern California (CA). These case study locations were selected based on a national screening of average industrial electricity costs and considering common refinery locations, local renewable resources, and regional grid emission rates, in order to highlight the impact of locational factors on project economics. Blended average industrial electricity rate data for regions across the US were compiled from forms EIA-861 (schedules 4A and 4D) and EIA-861S (EIA, 2019a) and mapped to shapefiles from the Homeland Infrastructure Foundation (HIFLD, 2019), with results summarized in Figure 1. Additionally, data about US refinery locations and capacities (EIA, 2019b) were used to manually select these two case study locations in areas with significant refinery capacity. Thus, the two case study sites “bookend” some of the highest and lowest industrial electricity costs in areas of the US with significant refinery capacity, and also have quite different electric grid emission rates and renewable energy resources.
[image: Figure 1]FIGURE 1 | Industrial electricity prices in the United States.
NREL’s REopt tool (Cutler et al., 2017) and System Advisor Model (SAM) (NREL, 2020c) were used to evaluate the techno-economic potential for these clean energy technologies to support oil and gas operations in achieving energy goals including energy cost savings, resiliency, and emissions reductions. REopt was used to evaluate all technologies except solar thermal, which was modeled in SAM because REopt does not currently offer a solar steam model.
REopt is a techno-economic time series optimization model to support integrated distributed energy systems planning decisions. Formulated as a MILP, REopt identifies the cost-optimal mix of candidate technologies, their respective sizes, and dispatch strategy to minimize the present value of the lifecycle cost (LCC) of energy over the analysis period, including capital costs, operating expenses and utility purchases, and incentives and depreciation. Results also indicate the net present value (NPV) of each DER scenario. This value is calculated as the difference in LCC between the base case, where all electricity is provided by the grid and all heating by natural gas boiler, and the DER case, to give the lifecycle cost savings facilitated by the DERs. See Figure 2 characterizing the REopt model’s inputs and outputs. REopt has been used for the past 15 years to explore potential site-specific renewable energy deployment in the areas of microgrids and resilience, energy storage, electric vehicles, and the energy/water nexus, as examples (NREL, 2023). Detailed information on model logic and related equations can be found in the REopt documentation (Cutler et al., 2017).
[image: Figure 2]FIGURE 2 | Schematic of REopt model inputs and outputs.
Modeled scenarios were developed around three priorities: energy cost savings, resilience, and emissions reductions:
• Energy cost savings: First, REopt was allowed to cost-optimally size each technology to minimize the LCC of energy. Solar PV, onshore wind turbines, and battery energy storage, evaluated to reduce electric grid purchases, were co-optimized to evaluate potential multi-energy integration, particularly given the temporal aspect of solar and wind resources. LFG, biomass, MSW, and solar steam for process heat were evaluated independently for their ability to reduce natural gas consumption for heat, though these technologies could also be considered for power generation and/or combined heat and power. These technologies were evaluated individually due to their reliance on availability of feedstock and non-temporal nature (solar steam excepted) but could be implemented in parallel with each other and/or the multi-energy electric systems comprised of the solar PV, wind, and battery storage systems evaluated separately. CHP was also evaluated individually for its ability to generate both heat and electricity. Finally, hydrogen generation by electrolyzer was evaluated as an option to electrify a process that typically relies on natural gas, with this increased electric load able to be served by the electric grid and by a multi-energy integrated solar PV, wind, and/or battery storage system.
• Resilience: Next, the ability of solar PV, wind turbines, and battery energy storage to collaboratively support the site in sustaining operations through an electric utility outage were evaluated against conventional backup electric generation options (diesel generators) for resiliency. Both resilience against short-duration (1–2 h outages) and longer-duration (24 h) outages were evaluated.
• Emissions reductions: Finally, various renewable energy targets were modeled, and the cost of achieving them with each set of candidate technologies was quantified, to identify the cost per ton of carbon dioxide equivalent (CO2e) for each technology and goal. Although most US states do not currently have a carbon market in place, the cost of carbon emissions reductions estimates can be used to inform organizational decisions around environmental impacts of operational emissions. In some cases, industry is setting their own internal cost of carbon and these values could be used to inform corporate decision-making independent of government policy. Emissions considered in this analysis fall into the categories of Scope 1 emissions—emissions produced from sources owned or controlled by the company—and Scope 2 emissions, emissions created by another entity producing energy that feeds into the company’s operations (such as the electric utility). Scope 3 emissions—emissions that can be directly tied to the company’s value chain (including customers’ consumption of fuels)—were not the focus for this analysis (EPA, 2015). This report focuses on the opportunities for DERs to support oil and gas operations; other measures that were not included, such as energy efficiency, reducing flaring, and carbon capture and sequestration (CCS), could also support efforts to reduce Scope 1 and 2 emissions.
Table 1 summarizes the scenarios evaluated.
TABLE 1 | Scenarios explored in this analysis.
[image: Table 1]The analysis uses only publicly available information in order to illuminate that although publicly available data does have gaps, useful insights can still be gained without using proprietary information. Such analysis can be used to help prioritize sites and technologies that appear to offer high potential for cost effective emissions reductions pathways.
However, this use of publicly available data also presents some inherent limitations. Analysis of more detailed actual site operational data may improve accuracy of results. Results should not be taken to be suggestive of the economics of these clean energy technologies at all refineries and well fields; technical and economic feasibility of clean energy technologies at a particular site should be assessed before making investment or implementation decisions. The analysis considers loads, resource, and generation at hourly intervals and does not capture intra-hourly variability. Furthermore, the analysis assumes all electric loads are billed at a single metering point. Land and roof area available for onsite energy generation and/or storage were assumed to be unlimited but may actually be limited, which would impact the feasibility of the solutions suggested in this analysis. Emissions modeling uses current average annual grid emissions rates, but future greening of grid generation could reduce the relative value that onsite renewables provide in the way of emissions reductions in the future, hence emissions reductions results being presented with a focus on near-term “Year One” emissions reductions relative to the base case scenario.
The electrical and steam consumption load for the case study refinery was approximated by overlaying refinery-specific process and output data from the US Energy Information Administration (EIA) Annual Refinery Capacity Report (EIA, 2019b) with process energy intensity data from the US Environmental Protection Agency’s (EPA) “Energy Efficiency Improvement and Cost Saving Opportunities for Petroleum Refineries” (Worrell et al., 2015). Because capacity utilization at oil refineries is largely independent of time of day or cost of energy, refinery electrical and steam loads, listed in Table 2, are assumed constant throughout all hours of the year. Although this case study is based on a refinery-specific product mix, the general premise of sizeable, relatively flat electrical and natural gas demand applies to most refineries regardless of the exact product mix. Annual CO2e emissions attributed to the electric and steam load are also noted in Table 2. Electric emissions were calculated from Emissions and Generation Resource Integrated Database (eGRID) regional grid emissions rates (EPA, 2020), which differ between the two case study locations. Steam emissions were calculated based on the modeled load profile, assuming steam is supplied by existing natural gas boilers with an efficiency of 77% in the base case and using the natural gas CO2 emissions factor from the EPA (EPA, 2021).
TABLE 2 | Case study electric and steam consumption and emissions.
[image: Table 2]In the base case scenario, all electricity and natural gas is purchased from the respective utilities. The Louisiana refinery’s assumed electric rate, summarized in the Supplementary Material, has a low energy charge of $0.029/kWh and a tiered demand charge of $13.48/kW for demand up to 22 MW and $11.89/kW for demand exceeding 22 MW. Natural gas here is assumed to cost $2.763/MMBTU (EIA, 2020). The California refinery has a higher cost of electricity, summarized in the Supplementary Material, with a time-of-use (TOU) component to both the energy and demand charges: energy charges in the range of $0.05–0.13/kWh, a monthly TOU demand charge of up to $18.11/kW, and a monthly demand charge of $10.65/kW. Natural gas is also more expensive than in Louisiana, assumed to cost $4.519/MMBTU (EIA, 2020).
In addition to differences in local utility rates and electric grid emissions factors, the two sites have different renewable energy resources. The Louisiana site is assumed to have a solar capacity factor of 16.7% and a wind capacity factor of 19.3%, while the California site is assumed to have a solar capacity factor 19.3% and a wind capacity factor of 5.0%. These capacity factors are based on Typical Meteorological Year (TMY3) weather data from the National Solar Radiation Database (NSRDB) (Sengupta et al., 2018) for PV and the AWS Truepower database (Truepower, 2019) for wind. Note that wind resource and turbine performance are highly sensitive to topography and can vary significantly within a small area. The specific locations of the case study sites were selected based on actual refinery locations in order to evaluate opportunities for onsite technologies, which resulted in significantly lower wind capacity factors that would be commercially viable; thus, offsite clean energy generation options, sited to maximize renewable resources, could also be considered.
The analysis evaluates how these nine DERs—solar PV, wind, battery storage, LFG, biomass, MSW-to-energy, solar steam for process heat, CHP, and electrolyzers can support these loads in conjunction with the utility purchases assumed as the base case, considering these locational differences. See individual technology sections and Supplementary Material for additional techno-economic modeling assumptions.
3 RESULTS
Results are broken out by which load (electric or thermal) the technology primarily serves. Section 3.1 describes how electricity generation technologies—solar PV, wind, and battery energy storage, which were co-optimized due to the temporal nature of solar and wind resource—can support cost savings, resilience, and emissions reduction targets. Section 3.2 steps through each technology that could offset natural gas consumption—LFG, biomass, MSW, solar steam for process heat, and electrolyzer for hydrogen generation—along with CHP, which can more efficiently utilize natural gas to generate both heat and electricity and describes each technology’s cost effectiveness in supporting various emissions reduction targets.
3.1 Case study refinery results—electricity-only generation
3.1.1 PV/wind/battery: cost-optimal sizing
Table 3 compares the LCC of electricity for the refinery in the base case (no onsite DERs) and in the cost-optimal case recommended by REopt. Due to the low cost of industrial rate grid electricity in Louisiana, no solar PV, wind turbines, or battery energy storage was recommended by REopt on a cost basis at the Louisiana refinery. However, the higher cost of grid electricity in California, combined with a stronger solar resource, make solar PV and battery cost-effective at the case study refinery in California. Results suggest that 570 MW-DC of solar PV plus ∼1,300 MWh, 170 MW (∼7.5 h duration) of battery storage could provide ∼$700M in lifecycle cost savings, a reduction of ∼24% relative to purchasing all electricity from the grid. In this case, the high PV capacity factor in California and high cost of electricity are driving results, with PV being largely oversized despite not receiving net metering compensation at this high capacity. The large battery inverter/rectifier is being sized even larger than the load in order to capture excess solar. Though the model could have selected to build wind, it did not appear cost effective to do so relative to the savings possible from solar PV plus storage. However, wind resource and performance are highly sensitive to topography, and given the low wind resource at this case study location (5.0% capacity factor) relative to wind resource in other southern California locations (capacity factors exceeding 50% within 50 miles of the case study site), offsite wind could also be considered and may become cost effective.
TABLE 3 | Results: electricity—cost-optimal sizing.
[image: Table 3]3.1.2 PV/wind/battery: resilience
The economics of resiliency provided by renewables and battery storage were compared to that provided by a diesel backup generator for the refinery case study. The model requires that either the backup diesel generator or a renewable energy plus battery energy storage system can sustain the site’s full electric load for the entire modeled outage; in practice a hybrid system could also be considered. Tables 4, 5 show the identified sizing and economics of these two options at the Louisiana refinery and California refinery respectively, considering a longer “major” outage event and a shorter “minor” outage event. Two-hour outages were assumed typical for “minor” outages in both locations; “major” outages were assumed to last approximately 1 day in California and 2 days in Louisiana. The modeled outages are considered representative of average outage durations in the region (EIA, 2019a). To be conservative, modeled outages were assumed to occur at night during a period of no solar resource to increase the probability that the recommended system would be able to survive outages of similar length regardless of their timing. A negative NPV indicates some “cost of resilience” relative to the base case LCC presented in Table 2, which would not survive the modeled grid outages.
TABLE 4 | Results: resiliency to electric grid outages—Louisiana.
[image: Table 4]TABLE 5 | Results: resiliency to electric grid outages—California.
[image: Table 5]At the Louisiana refinery, PV and battery storage could provide resilience at lower lifecycle cost than diesel backup for short-term grid outages because of their ability to also provide some electricity cost savings during normal grid-connected operations. The “cost of resilience,” shown in the results tables as a negative NPV, for the minor event is $218M with PV and battery storage compared to $451M with diesel backup. However, longer duration outages would require wind and much more PV and battery capacity to survive an extended outage. Thus, diesel backup appears more cost effective for longer duration events, with a cost of resilience of $461M compared to $659M for the PV, wind battery storage system. Additionally, the system sized for this scenario includes a battery inverter capacity of 129 MW because the modeled outage period evaluated had enough consistent wind blowing through the night to supplement the battery and cover the full 147 MW load; in practice the battery inverter would likely be sized to be able to cover the full load, further increasing costs.
At the California refinery, however, solar PV and battery appears to be a more cost-effective option than diesel for both short-duration and longer duration backup power due to the higher cost of electricity and fuel, and the cost savings they could provide year-round during normal grid-connected operations. In fact, the lifecycle cost savings provided throughout the year exceed the capital costs of the PV and battery storage, yielding a positive NPV for both outage scenarios. In the “major event” outage scenario, the battery inverter of 473 MW is much larger than the load in order to maximize use of the large PV system to reduce grid electricity purchases.
3.1.3 PV/wind/battery: emissions reductions
Next, the cost of Scope 2 emissions reductions associated with electric grid purchases was evaluated for various annual emissions reductions scenarios (20%, 40%, 60%, 80%, and 100%) at the two case study refineries. These emissions reduction percentages are relative to total Scope 2 emissions associated with electric grid purchases in the base case scenario. Note emissions accounting is based on the GHG Protocol Corporate Standard (Bhatia and Ranganathan, 2004), which allows companies to claim GHG emissions reductions for reducing their Scope 2 emissions but categorizes any excess renewable energy that is exported to the grid as “additional information” rather than counting as Scope 2 emissions reductions or Scope 1 emissions offsets.
In Louisiana, summarized in Table 6, solar PV appears to be the most cost-effective option for achieving emissions reduction targets of up to 20%. Additional PV, wind and battery are recommended to most cost effectively achieve emissions reductions of 40% or more. Although these higher penetrations of renewable electricity do not appear cost effective without placing some value on emissions reductions, the value of emissions reductions required to make the system cost effective, listed in the results table as “cost of emissions reductions,” is within the range of some existing carbon markets, up through 80% emissions reductions. For example, California’s Low Carbon Fuel Standard (LCFS) market has averaged ∼$200/tCO2 for 2019–2020 (California Air esources Board, 2019); although the LCFS market does not directly apply in Louisiana, it may be indicative of additional future markets. Bridging the gap from 80% to 100% emissions reductions becomes much more expensive as grid emissions essentially need to be reduced to zero by covering the entire electric load with onsite renewable generation. In Louisiana, a very large battery is being recommended to meet this goal.
TABLE 6 | Louisiana results: electricity—emissions reductions.
[image: Table 6]In California, summarized in Table 7, solar PV and battery storage are most cost effective at reducing emissions associated with electricity consumption. Due to high solar resource and lower wind resource combined with relative capital costs, wind is not being recommended at the California refinery even in the 100% renewable scenario. In line with the cost effectiveness of large solar PV and battery identified in Section 3.1.1, results suggest the opportunity to cost effectively reduce emissions by up to and potentially over 80% from the base case emissions even without considering a cost of carbon, as indicated by the negative cost of emissions reductions. For example, an 80% emissions reduction (again noting that this is relative to total scope 2 emissions associated with electric grid purchases) would provide $653M in NPV relative to the base case scenario of no onsite renewable energy. This is only $50M, or approximately 7%, lower NPV than that of the cost-optimal system without considering an emissions reduction target, $703M. As in Louisiana, bridging the gap from 80% to 100% emissions reductions is still quite expensive in California, albeit less so than Louisiana. For the California case study, likely driven by the slightly higher capacity factor of PV in this location, PV is being oversized and curtailed more so than the battery storage system.
TABLE 7 | California results: electricity—emissions reductions.
[image: Table 7]3.2 Case study refinery results—steam generation
Next, clean energy technologies for steam generation were evaluated for the two case study refinery locations. Technologies considered in this analysis include LFG (direct use), MSW (incineration), biomass, CHP, solar steam, and an electrolyzer for hydrogen production. These technologies were evaluated individually for their cost-effectiveness and ability to help reduce emissions, including Scope 1 emissions associated with natural gas consumption and Scope 2 emissions associated with grid electricity purchases.
Due to their categorization as renewable fuels, emissions associated with the combustion of LFG, MSW, and biomass are not counted towards the case study sites’ emissions in this analysis. Similarly, solar steam is considered free of Scope 1 and 2 emissions. CHP does incur emissions, but its generation can offset electric grid emissions as well. The electrolyzer can offset natural gas consumption but does require electricity, assumed to be provided by the electric grid and/or solar PV, wind, and/or battery energy storage in this analysis.
Tables 8, 9 summarize numerical results for these technologies, with additional discussion of economics, opportunities, and challenges for each technology’s application at a refinery included in the ensuing sections.
TABLE 8 | Louisiana results: steam generation.
[image: Table 8]TABLE 9 | California results: steam generation.
[image: Table 9]3.2.1 Landfill gas
Per the EPA, MSW landfills are the third largest human-generated source of methane emissions in the United States. LFG energy projects capture ∼60%–90% of the methane emitted from the landfill. Capturing the gas released from landfills is considered zero-emission in this analysis because it is creating a use for gas that would be emitted otherwise (EPA, 2016a). This gas can then be used to offset natural gas consumption for steam generation at refineries.
This study evaluated the ability of direct use of LFG to replace natural gas for steam generation. LFG does not appear to be a cost-effective option at either case study refinery location without placing some cost on carbon. Several landfill gas capacities—10 MW, 50 MW, and 100 MW—were evaluated, as summarized in Tables 7, 8, to better understand the economics of such projects. Note that most existing LFG projects are at the lower end of this size range, with many smaller than 10 MW (EPA, 2016b). In Louisiana, a cost of carbon in the range of ∼$130–140/tCO2e would be required to make LFG cost-effective. In California, this range decreases to ∼$90–100/tCO2e, due to the higher cost of natural gas. Both of these costs of carbon are less than California’s LCFS market which has averaged ∼$200/tCO2 for 2019–2020 (California Air Resources Board, 2019).
The option of introducing cogeneration of steam and electricity with LFG may provide additional value and improve the economics of LFG projects at a refinery. Note that one of the main challenges of introducing LFG projects is proximity to a landfill and the ability to pipe the landfill gas to the refinery itself. Due to piping requirements, landfill gas projects typically only work when the site where the landfill gas is converted to energy is within 10-15 miles of the landfill (EPA, 2012). For additional information about existing LFG projects, see the EPA’s Landfill Methane Outreach Program (LMOP) database (EPA, 2017).
3.2.2 Municipal solid waste
Direct use of MSW by incineration (mass burn) provides another option for clean thermal energy generation that avoids the landfill altogether. With this option, the site is paid to accept the MSW in what is known as a tipping fee; this analysis assumes the site is compensated with a tipping fee $44/ton (Cutler et al., 2017), though tipping fees vary across the United States (EREF, 2019). However, the main challenge with MSW-to-energy plants is procuring a contract for the feedstock waste. Additionally, capital costs for an MSW-to-energy conversion system are significantly higher than for LFG.
At both case study refineries, as summarized in Tables 7, 8, an MSW-to-energy system with capacity somewhere between 10 MW and 50 MW allows for economic breakeven, where capital costs are recovered by energy cost savings, even without placing a cost on carbon. Systems that are 50 MW and larger appear to provide a positive net present value. Even if a site has difficulty procuring a contract for sufficient MSW to power one of these larger MSW-to-energy plants, the cost of carbon required to make a smaller system cost effective is relatively low, at $66/tCO2e for a 10 MW system in Louisiana and $25/tCO2e for a 10 MW system in California.
3.2.3 Biomass
Woody biomass—such as forest residue, primary mill residue, and secondary mill residue—provides another clean energy alternative to natural gas consumption. The capital costs are on the same order of magnitude as MSW but have more opportunity for economies of scale. However, feedstock must be purchased rather than receiving a tipping fee as with MSW.
At the case study refineries evaluated, biomass does not appear to be cost effective without considering some cost of carbon. At the Louisiana case study refinery, a small (∼10 MW) biomass conversion system appears to be an expensive option, requiring a cost of carbon over $270/tCO2e. However, as the system size scales, the economics improve, with a 100 MW system only requiring a cost of carbon of ∼$80/tCO2e. At the California case study refinery, the cost of carbon required to make biomass a cost-effective option is lower; ∼$80/tCO2e for a 10 MW system and $25/tCO2e for a 100 MW system.
3.2.4 Combined heat and power
CHP cogeneration is a technology that concurrently produces power and thermal energy and is already being implemented in refineries. As a distributed generation resource, it can be sited near the point of consumption, allowing the heat that is normally lost during power generation to be recovered for local thermal energy needs. It is able to offset both grid-purchased electricity and fuel burned in an on-site boiler. CHP systems typically operate at 65%–85% efficiency overall and can take a variety of fuel sources, both fossil and renewable-based (DOE, 2017). It is a mature technology that has been widely deployed for industrial and large-scale commercial applications (DOE, 2020a; 2020b).
In this analysis, we modeled CHP as a gas turbine with a heat recovery system that generates saturated steam at pressures of 150 psig. Because the modeled refinery thermal load is 3.5 times greater than the electrical load and assuming that excess electricity exceeding the site’s annual electric load could not be sold back to the grid, the unit was sized to meet the full electrical demand. A CHP system of this size is able to supply a constant 32% of the refinery’s steam requirement during every hour of operation. It is assumed that the CHP system uses natural gas as fuel, and that the rest of the steam load will continue to be met by the existing on-site boilers.
CHP is cost effective at both locations, reducing total life-cycle costs by 19% and 44% in Louisiana and California respectively. Because the CHP system is sized to supply the full electrical load, all grid purchased electricity is replaced by on-site generation. Despite natural gas prices being higher in California than Louisiana, a larger life-cycle cost reduction is still seen in California as on-site natural gas generation is comparatively much cheaper than the local grid electricity. Furthermore, the size of the CHP unit necessary to meet large refinery loads allows the system to take advantage of the economies of scale and lower upfront capital costs.
Because the CHP system is primarily offsetting grid-purchased electricity with on-site natural gas generation, its impact on emissions is heavily dependent on the generation mix of the local electric grid. Due to the high emissions factor of the electric grid in Louisiana, CHP is able to reduce total site emissions by over 12%. This results in an annualized cost of emissions reduction of -$142/tCO2e, meaning the refinery saves money per ton of CO2e emissions avoided up to 218,000 tons. This is lower than the cost of emissions reduction through the installation of PV, wind, and battery energy storage at the Louisiana site to offset emissions from electricity consumption alone.
However, due to a higher renewable energy penetration, the emissions factor of the electric grid in California is nearly half of the emissions factor of the Louisiana grid. Switching to on-site natural gas generation results in higher emissions than purchasing directly from the grid in California. The cost to achieving the life-cycle savings at the California refinery site is a 1.7% increase in annual CO2e emissions, which may have other cost implications depending on future carbon market structures.
3.2.5 Solar steam
Another method for offsetting natural gas-generated steam at refineries is through the use of solar thermal technologies. Historically, solar thermal projects for industrial heat applications have not seen widespread deployment due to the relatively low competing natural gas prices. However, with falling solar field costs over the last decade, solar thermal energy is being considered for heat applications across various large-scale industries (Kurup and Turchi, 2015). A typical system comprises a collector field that harnesses solar radiation to heat a heat transfer fluid. The fluid is then circulated through a heat exchanger to supply an industrial process, for example, as hot water or steam. The system may be paired with thermal energy storage so that heat generated throughout the day can be used during nighttime hours.
Because most refinery processes do not have a direct use for heat and thermal energy is primarily needed in the form of steam, we modeled a solar thermal system that generates steam directly to feed into the main pipeline of the refinery without an intermediary heat transfer system. This solar thermal process is modeled using SAM’s Industrial Process Heat Linear Direct Steam module (NREL, 2020d). This model assumes a solar field of linear collectors is used to heat water to generate steam for direct thermal applications. However, because steam cannot be stored directly unlike heat, this system is only available during solar generation hours. Storage sizing was not considered in this analysis because systems large enough to take advantage of thermal storage would have extremely large space availability requirements. Mathematical equations for how the solar field of parabolic linear Fresnel concentrating collectors are modeled in this analysis to generate solar steam can be found in SAM documentation (NREL, 2020a).
Solar thermal was determined to not be cost-effective from a purely economic perspective at both modeled locations. To determine the impact on emissions, systems were sized so that the peak solar steam output over the year did not oversupply the site’s constant steam demand. A system of this size could meet 15%–20% of the annual steam load of the refinery depending on the solar resource profile at the modeled location. This is the maximum amount of steam generation the solar thermal system is able to offset without thermal energy storage. Additionally, the system was designed to output saturated steam at a pressure of 290 psig.
Due to lower natural gas prices and a poorer solar resource profile, solar steam is more expensive to integrate in Louisiana, increasing the refinery’s total life-cycle cost over a 25-year analysis period by nearly 10%. The maximum emissions reduction potential for a system in Louisiana without thermal energy storage is 15%, resulting in an annualized cost of emissions reduction of $89/tCO2e. This is comparable to the cost of emissions reduction using PV, wind, and battery energy storage at the 40% annual emissions reduction level for electricity without emissions reduction credit for renewable export.
Due to a higher solar capacity factor in southern California, a smaller solar steam system was sized to meet the same thermal demand, and the system is able to achieve a higher reduction in CO2 emissions of 20% compared to the Louisiana refinery. Impacts on life-cycle costs are much smaller, with a 0.3% increase over a 25-year analysis period, and the cost of emissions reduction is cheaper at $4/tCO2e. While this is more expensive than offsetting emissions from electricity use with PV, wind, and battery storage systems in California, because those systems are cost effective to install to offset high electricity prices without emissions considerations, it is still under California’s carbon market prices.
In addition to economics and emissions reductions targets, siting considerations should be taken into account as solar thermal technologies require the availability of land collocated with steam consumption.
3.2.6 Electrolyzer for hydrogen production
Hydrogen is an important intermediate product at refineries, required as input for many processes. It is typically generated through the steam reforming process using natural gas, where energy is required in the form of fuel to heat the reformer, steam for the reaction processes, and electricity for the compression (Worrell et al., 2015). In this analysis, we modeled the emissions reduction potential of replacing the steam reforming process with hydrogen generation from renewable resources using an electrolyzer.
Electrolyzers employ an electric current to split water molecules into hydrogen and oxygen. They perform a stable electrochemical reaction without additional inputs, and the process can be made emissions-free depending on the source of electricity. Electrolyzers are still considered an emerging technology that are not widely deployed for industrial applications due to their high energy intensity and large capital costs.
In the modeled refinery load, hydrogen production occurs at a rate of 9,843 kg/h, and accounts for 2.2% of the total hourly electric load and 24.2% of the hourly fuel consumption (see Supplementary Material for a detailed breakdown of the load profile). The modeled electrolyzer requires 54.6 kWh of electricity to generate each kilogram of hydrogen (see Supplementary Material for additional electrolyzer technology assumptions). Due to the high hourly hydrogen demand, fully supplying the hydrogen load with an electrolyzer would add 537 MW of electrical load, more than quadrupling the current electrical demand of the refinery.
Furthermore, if this electricity is purchased directly from the grid, in either the Louisiana or California locations, total site emissions would increase significantly due to the high energy intensity of the process and grid emissions factors. The new electrical load must be supplied from renewable sources in order for the electrolyzer to offset emissions. However, attempting to offset the full electrolyzer energy demand with only renewable energy would potentially be infeasible due to land availability constraints. Tables 7, 8 show the cost and emissions impacts of offsetting 10%–20% of the refinery’s hydrogen production with an electrolyzer. Each 10% increment corresponds to approximately 50 tCO2e emissions reduced.
The results show that large renewable energy systems are required to offset a relatively low percentage of CO2 emissions from hydrogen production due to the high energy intensity of the electrolyzer. System sizes grow quickly with the percentage of emissions reduced. At approximately $1,000–2,000/tCO2e, the cost of offsetting CO2 emissions with an electrolyzer is significantly higher than most emissions reduction scenarios using other technologies. However, this technology could become more economically viable over time as grid electricity gets greener and electrolyzers become more efficient, less expensive, and more commercialized.
3.3 Synthesis of case study results
Table 10 summarizes the cost effectiveness of the technologies evaluated or cost of carbon required to make a technology cost-effective. A cost of $0/tCO2e indicates that the technology is cost-effective and can provide cost savings at the site, without requiring any external value to be placed on emissions reductions. Because this report evaluates a range of scenarios, the “Low” and “High” indicators suggest the lowest and highest cost of carbon identified as necessary to make a technology cost-effective. For example, for the electrical technologies evaluated for cost effectiveness and to achieve 20%, 40%, 60%, 80%, and 100% emissions reduction, the lower end is the most cost-effective option and the highest end is the 100% emissions reduction. For technologies offsetting natural gas consumption, numbers are indicated for the system sizes described in the report. “N/A” (not applicable) indicates that because the technology did not appear in any of the scenarios evaluated at that site, cost of carbon estimates are not available in this analysis.
TABLE 10 | Estimated cost of carbon required to make a technology cost-effective [$/tCO2e].
[image: Table 10]These case studies are meant to estimate each technology’s relative techno-economic effectiveness at helping oil and gas organizations achieve emissions reductions goals at refineries. General takeaways, along with challenges and driving factors, are summarized below:
• Solar PV, wind, and battery: Locational factors such as solar and wind resource and cost of electricity significantly impact the economics of solar PV and wind energy for these industrial applications. These technologies, and solar PV in particular, appear to have high potential to reduce emissions cost-effectively, but challenges include low cost of electricity on industrial utility rates and the flat load that makes reducing demand charges challenging. Due to the sensitivity of wind energy to topography and that wind resource can vary considerably even within a few miles, offsite wind turbines could be evaluated for cost effectiveness. Siting requirements may pose a challenge for solar PV or wind, for both land availability and potential electrical integration upgrades required for high penetrations of behind-the-meter renewables. However, if there is sufficient land, roof, and/or carport area located onsite, these technologies can also help sites become more resilient to electric grid outages.
• LFG, MSW, and biomass: These thermal technologies’ cost effectiveness will also vary based on proximity and access to a fuel source, such as a landfill, waste facility, or biomass. If a site had equal access to all three, MSW appears to be the most cost effective because the analysis assumes the site is paid to take the waste. Next most cost-effective is biomass followed by LFG.
• CHP: CHP systems are increasingly being implemented in refineries. This analysis suggests high potential for CHP, though the technical details of effective CHP configurations must consider process-specific steam requirements and the timing of these loads.
• Solar steam: Solar steam appears to have potential to reduce emissions in locations with high solar resource but does have high co-located land use requirements.
• Electrolyzer for hydrogen production: Hydrogen production via electrolyzer currently appears to be an expensive route to reducing emissions on a $/tCO2e basis but should be reviewed as costs continue to decline.
4 DISCUSSION
This article describes the potential for onsite solar PV, distributed wind, battery storage, LFG, MSW-to-energy, biomass, CHP, solar steam, and electrolyzers for hydrogen production to reduce costs, support resilience goals, and/or reduce Scope 1 and 2 greenhouse gas emissions at hypothetical refineries. The results indicate cost beneficial opportunities for use of renewable energy for refining, especially for resilience, depending on local conditions such as resources and utility costs. While the case studies focused on refining, the results indicate that industrial processes broadly may benefit from onsite renewable energy, although modeling and cost analysis for these applications is needed.
Although this analysis focuses on distributed clean energy generation and storage alternatives to electricity and natural gas, other opportunities to reduce emissions include direct carbon capture and sequestration, reducing flaring, purchasing carbon offsets, and offsite power purchase agreements. The costs of emissions reductions presented in this report should be considered in the context of the costs of these additional options to help prioritize pathways; a comprehensive clean energy plan likely includes a mix of measures. Future modeling is needed to assess scenarios across multiple sensitivities, including price variation of fuels and power, varying degrees of power disruptions, and applicability across different locations, including international.
The oil and gas industry contributes approximately 42% of all human-made greenhouse gas emissions of which 20% are related to operations (Beck et al., 2020). Increasing economic, social, and governance pressures are focused on reducing these emissions. This report demonstrates that the oil and gas industry has enormous potential to decarbonize and that DERs can play a significant role in the decarbonization of the industry’s operations while improving the economics and resilience of their systems.
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[Mw] costs Consumed fuel Consumed reductions of emissions
[$M] [MMBTU] [MMBTU] [ktCO5e] reductions [$/tCO5e]
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“CHP emissions reductions include reductions associated with reduced electric grid purchases (Scope 2).
*Electrolyzer coupled with PV, wind, and/or battery storage, as described Section 3.2.6. Capital costs listed include those for PV, wind, and/or battery storage as well as the electrolyzer. Emissions
savings include those from renewable electricity generation by PV and/or wind.
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“CHP emissions reductions include reductions associated with reduced electric grid purchases.
*Electrolyzer coupled with PV, wind, and/or battery storage, as described Section 3.2.6. Capital costs listed include those for PV, wind, and/or battery storage as well as the electrolyzer. Emissions
savings include those from renewable electricity generation by PV and/or wind.
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