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I. INTRODUCTION 

There is currently intense interest and debate in the USA 

and elsewhere concerning energy and environmental 

research, development, and demonstration (RD&D) 

programs, especially concerning fossil fuels – in particular 

coal. However, over the past five decades the U.S. 

Department of Energy (DOE) has expended nearly $30 

billion (2019 dollars) in coal RD&D funds and the impacts 

of these expenditures have not been comprehensively 

estimated, assessed, and evaluated. Here we remedy this 

lack of knowledge by estimating in detail, in constant 2019 

dollars, the technologies funded and the impacts and 

benefits of these expenditures and compare these to the cost 

of the RD&D. 

 

II. REVIEW OF PREVIOUS STUDIES 

We reviewed relevant reports and studies over the past 

two decades in the existing body of literature on the 

economic and jobs impacts and the costs and benefits of the 

DOE coal RD&D program. These are summarized in Table 

I. Most of this research found substantial benefits to the 

DOE coal RD&D program, for example: 

• The U.S. General Accountancy Office – perhaps 

the most respected and skeptical critic of federal 

programs – has repeatedly found the DOE Clean 

Coal Technol0gy (CCT) program to be “exemplary 

and well managed.” [1]. 

• The National Research Council found that “The 

Coal R&D program was one of DOE’s most 

successful.” [2]. 

• MISI found that the return on investment (ROI) to 

DOE from the coal RD&D program is favorable 

and estimated an ROI of more than 13. [3]. 

 

III. THE DOE COAL RD&D BUDGET 

Over the past six decades, DOE has funded a substantial 

coal RD&D program, including RD&D for coal production, 

resource assessment, mining techniques, mining health and 

safety, coal utilization, coal liquefaction and gasification, 

clean coal technologies, carbon capture, utilization, and 

storage (CCUS), fuel cells, advanced technologies, 

Magnetohydrodynamics, pollution control and abatement, 

and other programs [4]. MISI estimated the detailed DOE 

coal RD&D program expenditures from 1976 through 2020 

and converted them to constant 2019 dollars using the 

implicit price deflator [5]. 

Fig. 1 shows the history of the DOE coal RD&D budget 

from 1976 through 2020 and illustrates the trajectory of 

RD&D spending over the past five decades. It shows that 

over the period, the cumulative budget totaled $29.12 billion 

(2019 dollars), but the distribution of expenditures was very 

uneven [6]. Funding peaked in 1981 and then declined 

drastically. Funding in 2020 real terms was about equal to 

funding in 1983. 
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Fig. 2 identifies the major program beneficiaries over the 

period 1976–2020 and show that: 

• Coal Liquefaction received the most funding: 

$4.85 billion – 17% of the total RD&D budget. 

• Coal Gasification received the second highest 

level of funding: $4.67 billion – 13% of the total. 

• CCUS received the third highest level of funding: 

$2.49 billion – 8.6% of the total 

• Advanced Research and Technology 

development received the fourth highest level of 

funding: $2.46 billion – 8.4% of the total. 

• Coal Liquefaction and Coal Gasification 

combined received a total of $8.5 billion – nearly 

30% of the total RD&D expenditures. 

• Four major programs which have not been funded 

for the past quarter century – Coal Liquefaction, 

Coal Gasification, Magnetohydrodynamics, and 

Mining RD&D – were among the top ten funded 

and combined received $11.6 billion – 40% of the 

total RD&D budget. 

Table II identifies the major programs funded in 1980, 

1990, 2000, 2010, and 2020 and illustrates the substantial 

change in priorities of the RD&D program over the past five 

decades.  

The research thus provides detailed estimates by 

technology and budget category (in constant 2019 dollars) 

of the DOE coal RD&D budget 1976-2020. This database is 

invaluable for a variety of uses and has not heretofore been 

available [7]. 

 
TABLE I: PREVIOUS STUDIES OF THE COSTS AND IMPACTS OF THE DOE COAL RD&D PROGRAM 

date Author Major Finding 

2001 NETL [27] DOE’s coal RD&D yielded significant benefits, important technological options, and significant 

additions to the stock of engineering and scientific knowledge. 

2001 NRC [28] Concluded that DOE coal RD&D programs over the period 1978-1999 produced economic 

benefits, options for the future, and knowledge benefits, and that the net realized economic 

benefits exceeded the DOE investment. 

2001 GAO [29] Assessed the DOE Clean Coal Technology (CCT) program and found it to be an exemplary, 

well-managed program that is providing substantial benefits.  

2002 NETL [30] Advanced DOE coal electricity generating technologies developed will result in lower electricity 

prices and will reduce the national average price of electricity. 

2004 DOE, EPRI, 

and CURC 

[31] 

Estimated the savings and environmental benefits of DOE’s CCT program and found them to be 

substantial. 

2005 National 

Research 

Council [32] 

Developed and tested a methodology for assessing prospective benefits of DOE coal RD&D 

programs. 

2006 NETL [33] Forecast sales and benefits of DOE’s Clean Coal Technology Demonstration Program (CCTDP). 

2007 NETL, 

CMU, and 

WVU [34] 

Assessed economic and environmental impacts of NETL on Pennsylvania and West Virginia 

from NETL sites located in Pittsburgh, PA and Morgantown, WVA. 

2009 MISI [35] Analyzed the return on investment (ROI) of DOE’s CCT program for the period 2000–2020 to be 

13. 

2009 NETL [36] Assessed the state and national level impacts of the NETL facilities located in Pennsylvania, 

West Virginia, and Oregon [37]. 

2009 BBC [38] Estimated job and economic benefits from the deployment of advanced coal-fueled electric 

generation using carbon capture and storage technologies. 

2013 DOE [39] Found that coal RD&D increased domestic energy supplies and security, lowered costs, 

improved efficiencies, and enhanced environmental protection. 

2013 MISI [40] Estimated economic and jobs impacts of a U.S.-wide coal power plant efficiency improvement 

program. 

2015 NCC [41] Assessed the benefits and accomplishments of the DOE CCUS program. 

2017 UCS[42] Identified major reasons why Congress should maintain support for federal energy R&D 

programs. 

2018 NETL Conducted an economic analysis using an input-output (I-O) model to quantify the laboratory’s 

economic impacts on the United States in 2018 [43]. 

2019 LTI and 

MISI [44] 

Estimated the economic and jobs benefits to Colorado of adding CCUS to the Comanche 

Generating Station and transporting CO2 for use in enhance oil recovery (EOR). 

2020 LTI [45] Assessed the economic impact and carbon dioxide (CO2) emissions reductions of retrofitting 

CCUS on Wyoming’s coal power plants. 

Source: Management Information Services, Inc. 

 

 
Fig. 1. U.S. DOE Coal RD&D Expenditures, 1976 – 2020.  

*1976 transition quarter (TQ) funding included in year 1976 budget.  

Source: U.S. Department of Energy and Management Information Services, Inc. 
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Fig. 2. Major Programs of U.S. DOE Coal RD&D Expenditures, 1976–2020.  

Source: U.S. Department of Energy and Management Information Services, Inc. 
 

TABLE II: MAJOR PROGRAMS OF U.S. DOE COAL RD&D EXPENDITURES, 1980, 1990, 2000, 2010, 2020 
(MILLIONS OF 2019 DOLLARS) 

1980 1990 2000 2010 2020 

Program Funding Program Funding Program Funding Program Funding Program Funding 

Advanced R&T 

Develop. 
175 

Control Tech. 

& Coal Prep. 
107 

Advanced 

R&T 

Develop. 

33 

Innovations 

for Existing 

Plants 

61 

Advanced 

Energy 

Systems 

148 

Coal 

Liquefaction 
620 

Advanced 

R&T Develop. 
47 

Indirectly 

Fired Cycle 
10 

Advanced 

IGCC 
73 

Cross Cutting 

Research 
48 

Combustion 

Systems 
217 

Coal 

Liquefaction 
65 

Gasification 

Combined 

Cycle 

50 
Advanced 

Turbines 
181 CCUS 215 

Heat Engines 182 
Combustion 

Systems 
61 

Pressurized 

Fluid Bed 
17 

Sequestra-

tion 
37 STEP 16 

Magnetohy-

drodynamics 
234 Heat Engines 38 

Advanced 

Res. & 

Environ. 

34 Fuels 29 

Transforma-

tional Coal 

Pilots 

20 

Surface Coal 

Gasification 
493 

Magnetohy-

drodynamics 
73 

Coal 

Liquefaction 
10 Fuel Cells 58 

NETL Coal 

RD&D 
37 

Mining RD&D 195 
Surface Coal 

Gasification 
43 

Steelmaking 

Feedstock 
10 

Advanced 

Research 
33   

    Fuel Cells 65     

Total* 2,229  436  250  472  484 

*Total includes funding for programs not listed separately. Source: U.S. Department of Energy and Management Information Services, Inc. 
 

IV. ECONOMIC AND JOB IMPACTS 

We assessed the impacts and benefits resulting from 

realized savings through 2000; reduced CAPEX; efficiency 

savings; clean coal technology exports; SO2 reductions; NOx 

reductions; CO2 reductions; public health; NETL operations; 

and jobs. NRC estimated that realized economic benefits 

through 2000 from the DOE coal RD&D programs totaled 

approximately $7.3 billion (2019 dollars) [8]. In addition, 

we estimate that, in 2019 dollars, excluding CO2 benefits, 

the benefits attributable to the DOE coal RD&D program 

through 2019 totaled about $237 billion (2019 dollars), 

including [9]: 

1. The total savings through 2019 from reduced capital 

costs of new plants and control technologies for existing 

plants was approximately $7.6 billion. 

2. The cumulative fuel cost savings resulting from 

efficiency improvements through 2019 totaled about $3 

billion. 

3. The cumulative U.S. clean coal technology export 

benefits through 2019 totaled approximately $42.6 billion. 

4. The environmental benefits of SO2 emissions 

reductions – Fig. 3 – through 2019 totaled about $68.5 

billion. 

5. The environmental benefits in terms of NOx reductions 

– Fig. 4 – totaled $35.9 billion. 

6. Using the 2013 Interagency Working Group (IWG) 

social cost of carbon (SCC) estimate [10], the total 

estimated value of the CO2 captured by the Petro Nova 

CCUS plant is about $0.2 billion (2019 dollars). The implied 

monetized CO2 emissions savings from the Petra Nova plant 

and the high efficiency low emissions (HELE) plants totaled 

approximately $2.4 billion. 

7. The total public health benefits through 2019 totaled 

approximately $36.9 billion. 

8. The beneficial impacts of NETL operations, 2000-

2109, totaled $35 billion. 

We estimate that the jobs created over the period 2000 – 

2019 totaled approximately 1,572,000 – about 78,600/yr. 

The number of jobs created is important, but it is also 

important to disaggregate the employment generated into 

occupations and skills. The jobs generated will be 

disproportionately concentrated in fields related to the 

construction, energy, utilities, technology export, mining, 

industrial, and related sectors [11]. 

While numerous studies have found that government 

RD&D is a classic public good and that the benefit-cost (B-

C) ratio of this RD&D is high [12], there is little consensus 

on what this ratio is. Previous research has estimated RD&D 

B-C ratios that range from 4-to-1 to 180-to-1 [13]. 

Substantial benefits have been realized by numerous 

companies in the private sector due to assistance from the 

DOE coal RD&D program. These include Carpenter 

Technology Corporation, LumiShield Technologies, KW 

Associates, Harbison Walker, Liquid Ion Solutions, Boston 

Scientific Corporation, and Pyrochem Catalyst Corporation 

[14]. 
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Fig. 3. NOx Emissions from U.S. Coal Power Plants. 

Source: U.S. Energy Information Administration. 

 

 
Fig. 4. SO2 Emissions from U.S. Coal Power Plants. Source: U.S. Energy Information Administration. 

 

The DOE coal RD&D program has significant economic, 

and job impacts on specific cities and regions throughout the 

U.S., including Pennsylvania and West Virginia. In addition, 

we estimated the jobs impacts on Reading, Pennsylvania, 

where Carpenter Technology is located. This success helped 

create a total of about 575 jobs (direct and indirect) in the 

Reading area and, absent these jobs, the unemployment rate 

in Reading would have been 5.3% instead of 5.0% – a 

meaningful difference [15]. 

 

V.  FINDINGS 

Table III and Fig. 5 show that the benefits of the DOE 

coal RD&D program through 2019 total about $237 billion 

(2019 dollars) – about $239 billion including a monetized 

value for reduced CO2 emissions, and annual creation of 

nearly 79,000 jobs, or about 1.6 million cumulative jobs 

over the period 2000–2019. Thus, the impacts and benefits 

of the DOE coal RD&D program through 2019 far exceed 

the costs – $28.6 billion (2019 dollars). This implies a rough 

B-C ratio of more than 8-to-1. 

A B-C ratio above one is desirable and a ratio over 8-to-1 

is extremely attractive. It is also reasonable when compared 

to B-C ratios for other RD&D programs. As noted, analyses 

of other RD&D programs found B-C ratios ranging from 4-

to-1 up to an incredible 180-to-1. On this basis, the DOE 

coal RD&D program B-C ratio of 8-to1 is conservative. 

Further, a study of 15 leading economies estimated an 

overall B-C ratio for RD&D of about 20-to-1 [16]. Thus, on 

this basis also the DOE coal RD&D program B-C ratio of 8-

to1 is reasonable. 

Knowledge benefits are scientific knowledge and useful 

technological concepts resulting from RD&D that have not 

yet been commercialized but hold promise for future 

utilization or are useful in unintended applications. The 

DOE coal RD&D program has yielded significant benefits 

in terms of important technological options and important 

additions to the stock of engineering and scientific 

knowledge in a number of fields and it facilitated numerous 

commercial spin-offs. We did not quantify knowledge 

benefits. Nevertheless, these are real and substantial and 

should be recognized as a key result of the program [17]. 

 
TABLE III: IMPACTS OF THE DOE COAL RD&D PROGRAM THROUGH 2019 

Category 
Impacts (billions of 2019 

dollars) 

Realized Savings Through 2000 $7.3 

Reduced CAPEX $7.6 

Efficiency Savings $2.9 

Clean Coal Technology Exports $42.6 

SO2 $68.5 

NOx $35.9 

CO2 42.1Mt* 

Public Health $36.9 

NETL Operations $35.0 

Jobs 78,600 jobs/yr.** 

Total $236.7 

Total, including CO2 $239.1 

*Using the 2013 IWG SCC value of $52/ton of CO2 (2019 dollars), we 

estimate that the implied CO2 emissions savings, 2008–2019, total 

approximately $2.4 billion (2019 dollars). 

**Annual average for the period 2008–2019.  

Source: Management Information Services, Inc. 
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Fig. 5. Impacts, Benefits, & Cost of the DOE Coal RD&D Program Through 2019. Source: Management Information Services, Inc. 

 

VI. CONCLUSIONS 

The DOE coal RD&D program budget has been subject to 

wide variations over time, often over short periods. For 

example, in real terms: 

• The budget declined 80% 1980–1983; 

• It declined 20% from 1986 to 1987; 

• It declined 40% from 1996 to 1997; 

• It increased more than twofold 2000–2002; 

• It declined more than 50% 2009-2011. 

Such fluctuations are not conducive to coherent, long 

term RD&D. The budget has been relatively stable in real 

terms over about the past decade, but program funding 

priorities within the budget changed substantially over this 

period. 

Large portions of the coal RD&D program budgets were 

comprised of expenditures on technologies that were not 

successful. Subtracting expenditures on just three of these – 

Coal Liquefaction, $4.9 billion, Coal Gasification, $3.7 

billion, and Magnetohydro-dynamics, $2.0 billion – which 

combined comprised more than 35% of the total DOE coal 

RD&D budget through 2019, leaves a cumulative DOE coal 

RD&D budget of $10.5 billion. However, a portfolio 

approach must be used to assess RD&D programs. Some 

DOE coal RD&D programs are among DOE’s most 

successful RD&D programs, they have produced benefits 

that far exceed their costs, and the estimated benefits of 

DOE high-risk, high-payoff programs can greatly exceed 

their projected cost. Nevertheless, some RD&D programs 

often have impacts that are minimal or are difficult to 

quantify. 

The most important conclusion derived here is that the 

benefits of the DOE coal RD&D program through 2019 -- 

$237 billion (2019 dollars) -- far exceed the costs -- $28.6 

billion (2019 dollars). This implies a rough B-C ratio of over 

8-to-1. This is impressive: B-C ratios above 2 or 3 are 

desirable, and ratios higher than that are very attractive. 

Some other energy RD&D programs have purported B-C 

ratios much higher than this. However, upon close scrutiny 

many of these are of questionable validity.  

The conclusion that the impacts and benefits of the DOE 

coal RD&D program far exceed the costs is robust and is 

reasonable: 

1) It is robust because the cost estimate is based on 

official published Federal government data, and many of the 

benefit estimates have been verified by independent studies 

2) It is reasonable – and perhaps even conservative – 

when compared to benefit-cost estimates for other RD&D 

programs. Purported astronomical B-C ratios are simply not 

credible. 

The number of jobs created over the period 2000–2019 

totaled about 1.6 million – about 78,600/yr – and is large, 

and job creation is especially important in specific local 

areas and in specific sectors, industries, and occupations. 

These local job impacts can be of critical importance – 

especially in the current environment of widespread job 

losses. 

Relying on other measures, such as patents, papers 

published, or conference presentations, as criteria for RD&D 

success can be inaccurate, misleading, and subject to 

conflict of interest. Finally, knowledge benefits can be 

significant. Indeed, the DOE coal RD&D program has 

yielded benefits in terms of important technological options 

for potential application and additions to the stock of 

engineering and scientific knowledge in many fields. While 

these benefits are difficult to quantify, they are nevertheless 

real and should be recognized as an important result of the 

RD&D program. 

 

VII. RECOMMENDATIONS 

First, the most important recommendation derived here is 

that the future benefits of current DOE coal RD&D 

programs must be forecast, monetized, and assessed against 

the forecast cost of the programs. Here we estimated the 

historical DOE coal RD&D budget and the retrospective 

impacts of the RD&D programs to date. However, the most 

relevant questions concern the future size and composition 

of the DOE coal RD&D budget. Obviously, simply because 

the past program has produced impressive results is no 

guarantee that it will continue to do so [18]. 

The largest program in the 2020 DOE coal RD&D budget 

is CCUS, receiving more than 44% of the total, followed by 

Advanced Energy Systems, 31% [19]. Adding 

Transformational Coal Projects, 4%, and STEP, 3%, 

indicates that over 80% of the budget is devoted to RD&D 

with benefits anticipated well into the future. This is the 

proper structure for an RD&D program: It should focus on 

technologies of the future. In particular, CCUS is not only a 

current major focus of the DOE program but, to date, it is 

the third most generously funded coal RD&D program – 

even though funding for it did not begin until 2001. Policy-
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makers have realized that any ambitious decarbonization 

goals are not feasible without CCUS [20]. Notably, three of 

the major emphases in the DOE 2021 fossil energy budget 

request are i) utilization of coal and CO2 for the production 

of critical materials and products; ii) transformational CO2 

capture technologies; and iii) CO2 storage [21]. 

DOE and the U.S. Congress are interested in determining 

the economic and jobs impacts of CCUS, and over the past 

three decades have expended $2.5 billion on DOE CCUS 

RD&D. CCUS is vital for the DOE coal RD&D program: 1) 

It is a DOE greenhouse gas (GHG) reduction technology; 2) 

DOE has a long history and acknowledged expertise in 

CCUS; 3) it is a program that enjoys strong bipartisan 

support in Congress [22]; 4) it is a program that will likely 

be strongly supported well into the future; 5) when 

combined with EOR, it is economically viable. 

DOE CCUS program funding requires justification, 

which must be derived from the forecast economic, 

environmental, and jobs benefits of the CCUS program. 

Here we estimated the CO2 emissions reduction benefits to 

date from the Petra Nova plant and the HELE plants [23]. 

However, these reductions have only just begun to accrue 

and the benefits from widespread CCUS and CCUS/EOR 

over the next several decades have to be estimated and 

evaluated. Thus, the economic, energy, environmental, and 

jobs impacts of future DOE–facilitated CCUS initiatives 

must be assessed. This research could provide estimates of 

the impacts that would result from the CCUS asset 

construction and operation and from the associated 

CO2/EOR oil production. It should estimate the economic 

and job impacts of CCUS capacity build-out and CO2-EOR 

oil production through 2050. In addition, the economic 

impacts of the 2018 45Q CCUS tax credits can be compared 

with the impacts of those proposed in 2017 and with other 

proposed CCUS tax credits and incentives. 

Further, research has estimated that the DOE CCUS 

RD&D program alone could create 14 to 16 million jobs. It 

also found that RD&D is much more cost-effective than tax 

credits, and that the marginal impacts of the DOE RD&D 

program are substantial [24]. Nevertheless, to maximize job 

creation both CCUS RD&D and tax credits and need to be 

implemented in a coordinated manner, and these impacts 

need to be assessed.  

Second, the job impacts of DOE programs are of critical 

importance and are especially relevant in the current 

environment where job losses and unemployment are at 

record levels not seen since the Great Depression of the 

1930s. It is impossible to over-emphasize the importance of 

jobs and employment impacts. For example:  

• Over the past two decades the DOE coal RD&D 

program has generated a cumulative total of 1.6 

million jobs – about 78,600/yr.  

• Regional disaggregation is required of the jobs 

created, especially at the state level. The 

importance of estimating benefits to specific states 

and regions is obvious, for the debate at the state 

and regional level inevitably centers upon jobs. The 

number of jobs created is important, but it is also 

important to disaggregate employment generated 

into occupations and skills. Jobs created are across 

a wide spectrum in many industries and 

occupations, and research is required to estimate 

these impacts. The importance of jobs in some 

occupations is much greater than in others, and jobs 

impacts by sector, industry, and occupation/skills, 

including new and emerging occupations, must be 

estimated.  

• Coal will continue to be important for U.S. 

electricity production [25]. Further, rapid 

expansion of coal retrofit CCUS, CO2/EOR, CO2 

pipelines, and associated infrastructure can 

facilitate the creation of new industries, increased 

industry sales and profits, increased GDP, millions 

of jobs, and expanded high skilled, well-paying 

employment opportunities. These have to be 

estimated and assessed. 

• Research should be initiated on the potential jobs 

impacts of future CCUS retrofits. This should be 

based on appropriate assumptions regarding CO2 

taxes and tax credits, industry requirements, 

deployment of CCUS technology, resource levels, 

EOR projects, and other relevant parameters. 

Third, a portfolio approach must be used to assess DOE 

coal RD&D benefits and costs – and, indeed such an 

approach is required to assess the benefits and costs of any 

energy R&D program. As noted, some DOE coal RD&D 

programs are among DOE’s most successful RD&D 

programs, they have produced benefits that far exceed their 

costs, and the benefits of DOE high-risk, high-payoff 

programs can greatly exceed their cost. On the other hand, 

other RD&D programs produce impacts and benefits that 

are minimal or less certain. This is very important in 

evaluating the overall DOE RD&D program, but it is not 

widely appreciated. Decades ago, no one knew which 

RD&D programs would be successful and which would not. 

This is a basic fact of any RD&D enterprise and will be as 

true in the future as in the past. 

Finally, there is currently a widespread general perception 

concerning the disadvantages of fossil fuels – especially 

coal. This must be addressed by rigorous, credible research 

assessing the economic and job impacts the DOE coal 

RD&D program – such as that provided here. Importantly, 

the findings reported here must be critiqued and compared 

to the benefits and costs of other types of energy, energy 

efficiency, and CO2 emissions reduction RD&D programs 

[26]. 
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