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The Joint Institute 
!   Established in 2001 as joint venture between Pacific Northwest National 

Laboratory (PNNL) and the University of Maryland.  
!   JGCRI staff are mostly PNNL- Battelle Memorial Institute employees.  Battelle is a 501(c)

(3) organization. 
!   JGCRI is part of the Atmospheric Sciences and Global Change Division (ASGC) at PNNL. 
!   About 50 people– roughly 1/3 are students, associates with UMD, visiting scientists, or 

post-docs 
!   Research staff with terminal degrees in more than 10 different disciplines. 

!   JGCRI is funded through a competitive proposal process with DOE, EPA, 
other agencies, and some private sector funding.  

!   Co-located with Earth System Science Interdisciplinary Center near the 
UMD Campus in College Park 

!   Focused on studies of global change – emissions mitigation, energy 
technologies, biogeochemical cycles of the major greenhouse gases, 
impacts, adaptation and vulnerability 

!   Major emphasis on the development of integrated assessment models; one 
of only 5 such centers in the world 
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JGCRI Major Research Areas 
!   Integrated Assessment Modeling 

!   Global Technology Strategy 
!   Future Scenarios (CCSP, CCTP, IPCC SRES, RCP) 
!   Linking with climate, hydrology models 
!   Incorporating interactions among land-use/energy/water/climate 
!   Global and Regional Analysis 

 
!   Resource Modeling and Assessment 

!   Agro-ecosystem model development and application 
!   Links and development with ecosystem and hydrologic models 
!   Sustainability and climate impacts 
!   Integration with IAM and Climate Models 

!   Understanding the Details of Energy Technologies 
!   Performance characteristics of Energy Supply Technologies: e.g., CCS, Nuclear, Wind, Solar, etc. 
!   Descriptions and performance characteristics of end-use technologies: e.g., Transportation, Buildings 
 

!   International Clean Energy Implementation 
!   Analyze and understand opportunities, successful approaches, market conditions and barriers 
!   Focus on policy options, new technology development, financing and institutional approaches to promoting 

clean energy 
 

!   Vulnerability, Security, R&D trends  
!   Vulnerability-Resilience Indicators Model (VRIM) 
!   Connections between climate change impacts and national security 
!   Understanding the interplay between climate change, human decisions and adaptation 
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IAMs integrate human and natural 
Earth systems. 
!   IAMs provide insights that would be 

otherwise unavailable from disciplinary 
research. 

!   IAMs capture interactions between 
complex and highly nonlinear systems. 

!   IAMs provide natural science 
researchers with information about 
human systems such as GHG 
emissions, land use and land cover. (e.g. 
RCP and SSP scenarios) 

IAMs provide important, science-
based decision support tools. 
!   IAMs support national, international, 

regional, and private-sector decisions. 
 
 

What is an Integrated Assessment 
Model (IAM)? 
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The Global Change Assessment Model 

! GCAM	  is	  an	  open	  source	  global	  integrated	  
assessment	  model	  

! GCAM	  links	  Economic,	  Energy,	  Land-‐use,	  
and	  Climate	  systems	  

! Typically	  used	  to	  examine	  the	  effect	  of	  
technology	  and	  policy	  on	  the	  economy,	  
energy	  system,	  agriculture	  and	  land-‐use,	  and	  
climate	  

! Technology-‐rich	  model	  
! Emissions	  of	  16	  greenhouse	  gases	  and	  short-‐

lived	  species:	  	  CO2,	  CH4,	  N2O,	  halocarbons,	  
carbonaceous	  aerosols,	  reacMve	  gases,	  sulfur	  
dioxide.	  

! Runs	  through	  2100	  in	  5-‐year	  ;me-‐steps.	  
! DocumentaMon	  available	  at:	  wiki.umd.edu/

gcam	  
! There	  is	  also	  a	  GCAM	  Community	  Listserve.	  

14 Region Energy/Economy Model 

151 Agriculture and Land Use Model 

Ongoing	  developments:	  
DisaggregaMng	  to	  30+	  
geopoliMcal	  regions	  
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The Global Change Assessment Model 
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Intersection of land-use and climate policies 

Cost of a global climate policy to limit total radiative forcing to 3.7 W/m2 

amount of bioenergy. This lower carbon price should be expected since, in the UCT, the use
of land and bioenergy is done in a manner that is economically more efficient with respect to
total carbon emissions from the terrestrial and energy systems.

Another measure of the cost of mitigation is the area under the marginal abatement cost
curve, a measure of the deadweight loss of the policy (Calvin et al. 2009). Under this metric,
annual costs (Fig. 5b, Table 2) generally exhibit the same ranking as the carbon price. The
cumulative discounted cost of mitigation, however, is lowest in the UCT ($10 trillion 2005$)
and highest in the FFICT ($21 trillion 2005$) and Bio Emiss Tax ($24 trillion 2005$) cases.
This ranking is to be expected, policies that perfectly price the externality (UCT) are less
costly than those that neglect some portion of the economy from the policy. Interestingly,
some policies reach similar cost levels for different reasons. For example, the FFICT and Bio
Emiss Tax case both have cumulative costs around $20 trillion 2005$, but the FFICT has
higher near-term costs and lower long-term costs than the Bio Emiss Tax case due to
differing terrestrial carbon emissions in the near-term and bioenergy availability in the
long-run.

8 Summary of results

In this paper, we explored the role of land policy and bioenergy availability on energy,
agriculture, land-use, emissions, and costs when limiting radiative forcing to a pre-defined
target. We find that the policies we examined have differing effects on the different segments
of the economy (see Table 2). Absent any land policy (FFICT) widespread deforestation
occurs to accommodate the production of bioenergy. This renders the terrestrial system as a
significant source of emissions. As a result, significant emissions mitigation is required by
the energy system, driving up the carbon price in the near-term. However, the effect on food
prices is minimal, as the clearing of forests leaves sufficient land to accommodate both food
and bioenergy production.

Policies that incentivize afforestation (UCT) result in increased forest cover and significant
terrestrial mitigation, a result consistent with previous work (Strengers et al. 2008; Wise et al.
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Fig. 5 CO2 prices and policy costs (Area under MAC curve) across bioenergy and land policy scenarios

Climatic Change

Calvin	  et	  al.	  (2014)	  Trade-‐offs	  of	  different	  land	  and	  bioenergy	  policies	  on	  the	  path	  to	  achieving	  climate	  targets	  	  ClimaMc	  Change	  
DOI	  10.1007/s10584-‐013-‐0897-‐y	  

Land-‐use	  
policies	  
can	  make	  
a	  large	  

difference	  
in	  costs!	  	  

	  
And	  also	  on	  
land-‐use,	  
agricultural	  
prices,	  etc.	  
(see	  paper)	  
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Biomass consumption: technology & policy 

Where is biomass best used in the energy system? 
•  Depends on the time period and the technological options available.  

Luckow	  P,	  MA	  Wise,	  JJ	  Dooley,	  and	  SH	  Kim.	  2010.	  "Large-‐Scale	  UMlizaMon	  of	  Biomass	  Energy	  and	  Carbon	  Dioxide	  Capture	  and	  
Storage	  in	  the	  Transport	  and	  Electricity	  Sectors	  under	  Stringent	  CO2	  ConcentraMon	  Limit	  Scenarios."	  InternaMonal	  Journal	  of	  
Greenhouse	  Gas	  Control	  4(5):865-‐877.	  	  doi:10.1016/j.ijggc.2010.06.002	  

874 P. Luckow et al. / International Journal of Greenhouse Gas Control 4 (2010) 865–877

Fig. 8. Annual global total biomass consumption by use (EJ/year) assuming differing emissions constraints and technology portfolios.

and dedicated biomass is beginning to become economic in some
regions. In the later years of the 400 ppm scenario, with further
increases in carbon prices comes substantial growth in biomass
production in a number of key regions, as seen in the 2095 levels of
production. Most of that increase in biomass to 2095 is from dedi-
cated biomass production, as the other sources have reached their
economic limits in most regions.

Because dedicated biomass production requires land, its pro-
duction must be analyzed in coordination with the economics of
producing all of the food crops and forest products required by
society. All demands for land must be considered in an integrated
economic framework. Simple notions of where biomass would be
grown in the world are not sufficient. For example, while Latin
America has a lot of very productive land which could be a major
source of biomass, that land is also very productive for food crops

and forests. Instead it may be that regions with less productive
land end up specializing in biomass while more productive regions
concentrate on food and forests. The GCAM model considers these
interactions between energy and food demands in each scenario
(Wise et al., 2009a).

The aggregate global distribution of the uses of land is plotted
in Fig. 7 for the reference (no climate policy) scenario (a) and the
400 ppm scenario (b). As expected, the amount of land dedicated
to bioenergy crop production increases markedly in the policy sce-
nario as a result of the substantially increased value of biomass in
the energy sector in a carbon-constrained world, from about 1% of
land in 2050 in the reference case to about 3% in the policy cases. But
perhaps the most striking result is the impact the carbon value has
on forest and cropland. Under the climate policy, the value of car-
bon results in an increase in lands held as forests while pastureland

•  Without	  a	  climate	  policy,	  
biomass	  is	  used	  across	  the	  
energy	  system	  (upper	  le6)	  

•  Under	  a	  comprehensive	  
climate	  policy,	  consumpMon	  of	  
biomass	  (waste/residue	  +	  
dedicated	  crops)	  increases.	  

•  If	  CCS	  (CO2	  capture	  &	  storage)	  
is	  available,	  this	  becomes	  the	  
preferred	  opMons.	  

•  Without	  CCS,	  biomass	  
ulMmately	  is	  used	  largely	  for	  
liquid	  fuels.	  
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Biomass consumption: technology & policy 

If CCS is available, biomass with CCS quickly becomes the preferred use 
of biomass feedstock.  

Luckow	  P,	  MA	  Wise,	  JJ	  Dooley,	  and	  SH	  Kim.	  2010.	  "Large-‐Scale	  UMlizaMon	  of	  Biomass	  Energy	  and	  Carbon	  Dioxide	  Capture	  and	  
Storage	  in	  the	  Transport	  and	  Electricity	  Sectors	  under	  Stringent	  CO2	  ConcentraMon	  Limit	  Scenarios."	  InternaMonal	  Journal	  of	  
Greenhouse	  Gas	  Control	  4(5):865-‐877.	  	  doi:10.1016/j.ijggc.2010.06.002	  

P. Luckow et al. / International Journal of Greenhouse Gas Control 4 (2010) 865–877 875

and the total cropland excluding biomass decrease. This decrease
in cropland reflects several factors including increased economic
pressure to produce crops in regions with higher yields per unit
of land and a decrease in the movement to land-intensive, carbon-
intensive beef diets across the world that is seen in the reference
case.

The levels of biomass production shown in the results here,
ranging from 120–160 EJ/year in 2050 rising to 200–250 EJ/year,
are large but comparable to several other integrated assessment
models. The IMAGE model predicts 130–270 EJ can be produced at
costs comparable to coal, and substantially more at higher prices
(Hoogwijk et al., 2009). The MESSAGE model gives 100–200 EJ,
and a MIT report predicts about 150 EJ for a 450 ppm scenario
(Obersteiner et al., 2002; Reilly and Paltsev, 2007). The IPCC Fourth
Assessment report gives a wide range, 100–400 EJ, citing difficulty
in obtaining accurate estimates because the use of dedicated energy
crops depends on several factors, from food demands and nature
protection to soil management and water reserves (Smith et al.,
2007).

In Fig. 8, we summarize the biomass consumption results in
terms of where the biomass is used in the energy system. We com-
pare consumption results between the 400 ppm climate policy and
the 450 ppm policy to highlight any impacts from a reduction in the
stringency of the target. Comparing the results of the two policy
cases, there is little clear difference in biomass use between these
two climate targets when CCS is available. In the more stringent
carbon policy case of 400 ppm, there is a more rapid expansion of
biomass and a more rapid adoption of CCS. Biomass with CCS pro-
vides about 25% of electricity by 2095. In the transportation sector,
the amount of conventional oil in absolute terms remains relatively
constant, but it declines significantly in terms of its contribution to
the global transport sector as biofuels, as well as electricity, meet
much of the demand growth. In 2095, 73 EJ of conventional oil are
used in transportation, followed by 21 EJ of biomass, and 26 EJ of
electricity. The pattern of use between electricity and refined liq-
uids, as well as the overall scale, are very similar in the 400 and
450 ppm scenarios. This result reflects in part trade-offs between a
higher value of biomass energy in the more stringent case but also
a higher value on keeping land in forests to preserve and expand
terrestrial carbon stocks.

Without the availability of CCS in any supply sector, the bulk of
biomass use goes towards liquid fuels for transportation. Both cases
show an even split between transportation and electricity use of
biomass mid-century, but the high value of carbon at the end of the
century leads to nearly all biomass being used in the transporta-
tion sector. Without CCS, there is no longer any advantage in using
biomass for electricity to get negative emissions. Also, electric-
ity generation still has nuclear and renewable technology options
for carbon-free electricity. As a result, biomass consumption shifts
heavily to biofuel liquids for transportation: about 70 EJ of biofuel
liquids are used for transportation fuels in 2095. As we have shown,
the absence of CCS results in a much higher price of carbon (Fig. 3)
which means high carbon content fuels are no longer economical.
Unconventional oil, and even conventional oil gets pushed out of
the transportation sector by 2095 by these carbon prices, whereas
they persisted in the case with CCS. Interestingly, the absence of CCS
reduces the overall scale of biomass production and consumption
considerably compared to the cases with CCS. Comparing these two
figures, the total biomass in 2095 is actually lower in the 400 ppm
case than for the 450 ppm case. This result shows that the higher
carbon price in the 400 ppm case reduces the amount of land on
which biomass production was economic compared to leaving it
as forests. The effect is small here, but it highlights an important
dynamic.

Fig. 8 also shows the trade-offs between Fischer–Tropsch and
ethanol for liquid fuels, e.g., ethanol, with a lower cost, has a larger

Fig. 9. Percentage of energy-system biomass used in combination with CCS, as a
function of carbon price.

share until the carbon price is high enough for CCS to be economic.
With lower CCS costs, FT liquids from biofuels, are competitive in
these cases. In the cases without CCS, ethanol has a larger share
throughout. These results demonstrate that there may be more
than one economic method for producing liquid fuels from biomass,
and the combination of the carbon policy and availability of CCS has
an effect on the economic mix.

By looking across Fig. 3 which shows the modeled carbon prices
as a function of time and Fig. 8 which shows global biomass con-
sumption across time, it is clear that the percentage of biomass
energy that uses CCS will increase as carbon prices increase. Fig. 9
demonstrates this clearly by plotting the CCS utilization percent-
ages for biomass as a function of carbon price, for the two scenarios
studied that included CCS. The percentage of biomass with CCS rises
rapidly from 10% at $30/tCO2 to 90% at $150/tCO2. Beyond a carbon
price of $300/tCO2, essentially 100% of biomass is used with CCS.
Both policies appear to follow the same path, which is expected
given that CCS technology assumptions remain consistent across
the policy choices.

4. Conclusion

From the modeling results in this study, the availability of CCS
is the key determinant for how biomass will be used in the energy
system under a climate policy. In the electric sector, when the car-
bon prices are sufficiently high, biomass will be paired with CCS
when it is available. When CCS is available, using biomass to make
electricity while venting CO2 emissions becomes an economically
uncompetitive technology in the same way that coal without CCS
does. In the refining sector, biomass is also paired with CCS when
available, though at the end use the emissions from combustion
of the final refined liquid are always vented to the atmosphere.
Despite not capturing all the carbon in the biomass, in the absence
of very low cost electric cars, the use of biomass replaces oil, result-
ing in a significant mitigation of emissions. With CCS, this study had
shown that biomass will play a major role in providing energy for
both electricity and liquid fuels.

The result is much different when CCS is not available. With-
out CCS, much of the biomass is utilized in transportation, where
it is a competitive low-carbon option. Without CCS, biomass in
the electric sector is no longer a source of negative CO2 emissions
but instead just one of several low or zero carbon sources. In this
case, the electric sector increases nuclear and renewables under a
climate policy and leaves the biomass for the transportation sector.

•  Once	  the	  carbon	  price	  rises	  
above	  $100/tCO2,	  the	  vast	  
majority	  of	  biomass	  is	  used	  in	  
technologies	  that	  also	  employ	  
CO2	  capture	  and	  storage	  
(CCS).	  

•  This	  generates	  net	  negaMve	  
CO2	  emissions,	  which	  is	  
economically	  very	  valuable.	  
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For Further Information 

•  GCAM	  web	  site	  

	  hgp://www.globalchange.umd.edu/models/gcam/	  

	  Links	  here	  to	  the	  GCAM	  Wiki	  on-‐line	  documenta?on	  

•  GCAM	  Community	  web	  site	  

	  hgp://www.globalchange.umd.edu/models/gcam/gcam-‐community/	  

	  Including	  presenta?ons	  from	  the	  2013	  GCAM	  community	  mee?ng.	  

•  Published	  journal	  papers	  and	  reports	  

	  ParMal	  list	  on	  the	  GCAM	  Wiki.	  

	  See	  also	  individual	  GCAM	  integrated	  assessment	  group	  staff	  pages	  	  
	  (updated	  within	  about	  a	  month	  of	  publicaMon)	  

	  hgp://www.pnnl.gov/atmospheric/staff/shsrchresults.asp?id=763	  

	  

	  


