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Executive Summary 

CARBON-NEGATIVE ENERGY SYSTEM* 

Sustainable World Energy Supply and Global Environment Restoration 
Using Renewable and Nuclear Energies 

Masao Hori 
Nuclear Systems Association, Japan 

 

1. Need for Carbon Dioxide Removal 

In the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change 

(IPCC) , it is described that warming of the climate system is unequivocal and human influence on 

the climate system is clear. 

To cope with the global warming, the ‘mitigation’ measures to reduce emissions of 

greenhouse gases, and the ‘adaptation’ measures to ease anticipatory effects of climate change, are 

being taken. 

Further advancing the mitigation, the ‘geoengineering’ are studied and proposed (1). There are 

two measures in geoengineering; ‘CDR’ (Carbon Dioxide Removal) which is also called ‘negative 

emission’ as it essentially removes CO2 from atmosphere, and ‘SRM’ (Solar Radiation 

Management) which reflects sunlight and thus reduce global warming. 

 
Fig.1 Need for Negative Emission (2) 

The IPCC-AR5-WG3 considered over 1,000 emission pathways to 2100 (Fig. 1), where most 

scenarios leading to concentration levels consistent with limiting warming below 2 °C require 

global net negative emissions or CDR in the second half of this century. 

--------------------------------------------------------------------------------------------------------- 
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2. Methods for Carbon Dioxide Removal 

Carbon is exchanged between the Earth and atmosphere. A typical global carbon budget is 

shown in Figure. 2, where values on the carbon flux and the amount of carbon held in each reservoir 

are cited from IPCC and other reports and are rounded by the author for approximate evaluation. 

     The net rate of CO2 fixed as ‘plant growth’ by the photosynthesis/respiration processes is 

about 60 GtonC/y. The vegetation holds carbon quantity corresponding to plant growth in about 10 

years and the soil and detritus hold carbon quantity corresponding to plant growth in about 30 years. 

The decay of these plant residue discharges CO2 back to the atmosphere at the rate of about 60 

GtonC/y in the steady state, thus the atmospheric CO2 concentration had been stable before 

anthropogenic fossil fuel burning increased. 

Atmosphere
760 GtonC + 4 GtonC/Y

Photosynthesis
113 GtonC/Y

Respiration
Decay

112 GtonC/Y

92 GtonC/Y 90 GtonC/Y Fossil Burning
7 GtonC/Y

Vegetation 600 GtonC

Ocean
38000 GtonC

Fossil Fuel
4000 GtonC

Global Carbon Budget

Reference： IPCC-AR4 2007 Report & Kevin Schaefer (NSIDC)

(For Year 2000-2005)

Soil & Detritus 1700 GtonC

Permafrost 1700 GtonC

 

Fig.2 Global Carbon Cycle and Budget 

 

     The ocean holds carbon of about two orders larger in quantity than atmosphere, and 

exchanges CO2 with atmosphere to absorb about 2GtonC/y, which changes the chemistry of 

seawater, a process called ‘ocean acidification’. 

     From the characteristics of global carbon circulation as shown in Fig.2, various CDR methods 

have been proposed and studied, which fall into the following categories; 

 

(1) Capture of CO2 from atmosphere and storage 

♦ CO2 capture by forced circulation absorption / adsorption from ambient air and storage of 

captured CO2  ‘Direct Air Capture’ 

♦ CO2 capture from air by accelerating the natural process of carbonization by silicate minerals 

 ‘Enhanced Weathering’ 

(2) Storage of CO2 or C from biomass with energy utilization (C = Biochar which is charcoal 

produced by carbonization of biomass) 

♦ Utilization of energy (power generation) by biomass combustion and CO2 storage  
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‘BECCS’ 

♦ Storage of biochar and utilization of energy (power generation or fuel production) from 

remaining carbon from biomass  ‘Biochar’ 

(3) CO2 capture by enhancing the ocean ecosystem 

♦ Addition of calcium compounds to ocean surface for accelerating CO2 uptake from 

atmosphere and storing in ocean  ‘Ocean Liming’ 

♦ Increase of productivity of biological matter, which absorbs CO2 and sinks to deep sea, by 

adding nutrients (iron)  ‘Ocean Fertilization’ 

 

As for the direct air capture methods, large quantity of energy is necessary for the 

forced-circulation absorption/adsorption process of CO2 from air with regeneration and recycling of 

agents. As for the permanent storage of CO2, the geo-sequestration method to inject CO2 into 

underground geological formation has such problems as limitation of available sites for the total 

capacity to be stored, leakage of CO2 back into the atmosphere and selection of sites with social 

acceptability. 

It is desirable to investigate CDR methods with less difficulty involved considering the 

magnitude of CO2 to be disposed for global environment restoration, and with less net energy 

consumed considering the requisite for sustainable world energy supply. 

 

3. CDR Method Using Biomass and Nuclear Energy 

The synergistic biomass-nuclear process (Fig. 3) for removing atmospheric CO2 consists of 

nuclear-heated carbonization of biomass to produce biochar and nuclear-heated steam-gasification 

of remaining carbon components from carbonization process to produce hydrocarbon fuels.(3)~(6) By 

this process, both CO2 removal and biofuel supply can be performed. 
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 Drying; 

Vapor compression & condensation (VCC) process by nuclear electricity

 Carbonization (where C6H12O6 represents biomass); 
C6H12O6 + nuclear heat  C (charcoal) + Volatiles, Gas and Condensibles

 Steam Gasification (where C represents carbon containing substances);
C + H2O + nuclear heat  CO + H2

 Conversion (Fischer-Tropsch synthesis, where CH2 represents FT diesel oil);
CO + 2H2  CH2 + H2O

 
Fig.3 Synergistic Biomass-Nuclear Process for CDR 
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♦ In the carbonization of biomass, up to about 50% of carbon content of biomass can be converted 

to biochar depending on the temperature condition. Biochar is stable for several hundreds to 

several thousands years in ambient air conditions on the ground, and it is utilized for industrial 

materials, soil amendment and other applications while storing carbon outside of the global 

carbon cycle. 

♦ Supplying nuclear energy to the process of carbonization and steam-gasification of biomass 

makes the conversion ratio of biomass to biochar/biofuel larger by supplying nuclear heat to 

endothermic reactions such as steam-gasification in the process and by avoiding the CO2 

emission from any biomass combustion in the process. 

♦ This synergistic biomass-nuclear process can increase the effective carbon removal amount by 

both biochar and biofuel about 60% compared to a similar biomass-only process when processing 

the same amount of biomass. 

 

4. Integrated System of Energy Supply and Environment Restoration 

     Judging from the current global warming trend, it is urgent to construct an “integrated system 

of sustainable world energy supply and global environment restoration”, which can supply 

necessary energy to the world in a sustainable manner while removing CO2 from atmosphere to 

control the CO2 concentration in the allowable range. 

     The concept of “Carbon-Negative Energy System” described in this book is an integrated 

system of sustainable world energy supply and global environment restoration, and this system is 

supposed to be deployed and put into operation in about fifty years around the middle of 21st 

century. 

     Main points of this energy system are; 

♦ Fossil fuels being phased out, renewable and nuclear energies will supply all the necessary 

primary energy demands. 

♦ As for the secondary energies (energy carriers), electricity generation will use larger amount of 

primary energies, and fuel production will use less amount of primary energies, reversing the 

present magnitude relation (Present: Fuel>Electricity, Future: Electricity>Fuel). This transition 

decreases total consumption of primary energies to generate/produce the energy carriers, as 

electrification improves efficiency of energy use. 

♦ For improving the energy efficiency, as much as possible of stationary heat demands will be 

supplied by electricity using heat pump. 

♦ For improving the energy efficiency, as much as possible of transportation energy demands will 

be electrified. Most of remaining demands for fuel will be supplied by biomass-based 

hydrocarbon liquid fuels for the convenience of delivery infrastructure. Hydrogen fuel will be 

used for special purposes. 

 

Structure of primary energies and secondary energies (energy carriers) used in the present and 

future societies are compared in Table 1. At the present society fossil fuels dominate the primary 

energy supply, so it can be called ‘Fossil Fuels Society’. Around the middle of 21st century when the 
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integrated system of energy supply and environment restoration is deployed, it can be called 

‘Carbon-Negative Energy Society’ as the energy system controls atmospheric CO2 concentration. 

 

Table 1 Energies for the Present and Future Societies 

 

5. Carbon-Negative Energy System 

     The image of Carbon-Negative Energy System which is to be deployed around the middle of 

21st century is shown quantitatively as an energy supply vision in Year 2065, 50 years from now, as 

follows; (Past data are based on the BP Statistical Review of World Energy) 

 

(1) Supply of carbon-negative energy 

     World primary energy supply in 2065 is by renewable and nuclear energy without any fossil 

fuels. As a part of carbon is stored outside of the global carbon cycle, the net negative carbon 

emission is realized. 

 

(2) Magnitude of primary energy used; Electricity > Fuel 

     At present 41% of primary energy is used for generation of electricity and 59% for 

production of fuels (non-electrical energy carriers) worldwide. 

     In future by increase of electricity demand for efficiency improvement and by consequent 

decrease of fuel demand, more primary energy is used for generation of electricity and less for 

production of fuels. 

Ratio of Primary Energies Used [%] 

Year Electricity Fuels 

2000 38 % 62 % 

2013 41 % 59 % 

2065 75 % 25 % 
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The ratio of primary energy used for generation of electricity in 2065 is supposed to be 75% 

and the ratio for non-electricity 25%. 

 

(3) Supply of primary energy 

    Based on the transformation of energy conversion/utilization structure, amount of each primary 

energy supplied and amount of primary energy supplied for conversion to each energy carrier are to 

change as follows; (GtonOE = billion ton oil-equivalent) 

 

Amount of Supply by Each Primary Energy [GtonOE] 

Year 
Fossil 

Fuels 
Renewables Nuclear Total 

2000 8.1 0.7 0.6 9.3 

2013 11.0 1.1 0.6 12.7 

2065 0.0 14.4 6.4 20.8 

 

Amount of Primary Energy Supplied  

For Conversion to Each Energy Carrier [GtonOE] 

Year Electricity Fuel Total 

2000 3.5 5.8 9.3 

2013 5.3 7.5 12.7 

2065 15.7 5.1 20.8 

 

(4) Electricity generation by renewable energies and nuclear energy 

In 2065, renewable energies such as hydro, wind, solar PV and solar thermal supply 3/4 of 

electricity generation and nuclear energy supplies 1/4 of electricity generation. 

For the stabilization and control of grid system composed of renewable and nuclear energies, 

various electricity storage functions such as stationary batteries and mobile batteries (Vehicle-grid 

integration, bi-directional power flow between plug-in electric vehicles and electric grids), 

distributed heat pump control, electrolytic hydrogen production, are utilized in addition to the 

pumped hydro station which is dominant at present. 

 

(5) Hydrocarbon fuel production from biomass 

     Amount of biomass processed in 2065 is supposed to be 6 GtonC as a reference case. (GtonC 

= billion ton carbon) 

     The hydrocarbon fuel is produced using remaining carbon content of the biochar production 

from biomass, and necessary energies for the production processes (steam gasification reaction and 

Fischer-Tropsch reaction) are supplied from nuclear energy. 

     In the 6 GtonC biomass processing case in 2065, hydrocarbon fuel is produced from 4.3 

GtonC carbon component (remaining 80% carbon from 20% biochar production) and 1.7 GtonOE 

nuclear energy. 
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     The hydrocarbon fuel produced is liquid Fischer-Tropsch oil or low-sulfur diesel fuel 

containing 2.8 GtonOE (heat of combustion). 

     The carbon mass balance and energy balance in Year 2065 is shown in Fig.4. 

 

Fig.4 Global Carbon and Energy Balance in 2065 

 

(6) Non-electricity energy supply to transportation and industry sector 

     It is possible to reduce the fuel consumption of transportation sector by electrification. 

Specifically, energy consumption of automobiles occupies 70% of transportation sector, and 

volume of automobiles is estimated to increase 3 times of today in the future. The fuel consumption 

of plug-in electric vehicles (PHEV) with utility factor UF=0.85 (The current BMW i3 REx model is 

almost this specification) will be reduced to 9% of internal combustion engine vehicles (ICEV), so 

fuel consumption of automobiles (3 times volume of today) can be reduced to 0.27 times of today, 

while total primary energy consumption (fuel + electricity) will become 1.4 times of today. 

     In the power use of fuel for both transportation and distributed applications, highly efficient 

solid-oxide fuel cell (SOFC) will be utilized. 

     As the CO2 emission of aviation is increasing, the fuel for airplane propulsion will be by 

hydrogen in the future to avoid CO2 emission in upper spheres. Hydrogen fuel is produced by 
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electrolysis, which will be effective for stabilizing the future renewable electricity dominant grids. 

     Large scale energy demand in industries, such as iron manufacturing and process heat for 

factories, will be concentrated into industrial complex and the energy is supplied from nuclear 

reactors. 

 

(7) Sequestering from the global carbon cycle by biochar 

     It is possible to sequester carbon from the global carbon cycle by carbonizing biomass and 

store or utilize the produced biochar which is stable in ambient air condition on earth. Biochar is 

produced up to about 50% of carbon in biomass. 

     In the reference case where 6 GtonC biomass is processed to produce biochar from 20% of 

biomass, the amount of carbon sequestered, or net negative emission, is 1.1 GtonC. (The net 

positive emission in Year 2000-2005 is 4 GtonC as shown in Fig.2.) 

     Large amounts of biochar produced in this process will be utilized, besides the current carbon 

uses in industries, in future to agriculture/forestry (soil amendment), building/construction (graphite 

structural material, carbon fiber, etc.) and many other applications of carbon/graphite materials. 

 

(8) Securing the biomass to be processed 

     The biomass used in this process will be secured from harvesting and processing residues in 

agriculture and forestry, bioenergy crops, algae, organic carbon in soil, and artificial photosynthesis 

products in future. 

 

Fig.5 Production Potential and Assumed Amounts in This Study 

     As for the bioenergy production potential in 2050, Smeets(7) presented 273~1471 EJ in the 

four scenario shown in Fig.5. In this estimation, harvesting and crop residues are 58~75 EJ, so the 
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remaining potential comes from specialized bioenergy crops on surplus agricultural areas. Such 

organizations as WEC, WEA, IPCC have shown estimates 250~450 EJ potential in 2050. 

     As the 6 GtonC reference case corresponds to 197 EJ in bioenergy, it is within the range of 

production potential estimated by Smeets and others. 

     From the bioenergy production potential in Fig.5, an accelerated case of 10 GtonC (328 EJ) 

biomass processing can be considered. In the 10 GtonC case, 4.5 GtonC biochar and 2.9 GtonOE 

biofuel are produced by 50% carbonization and 2.9 GtonOE nuclear energy input (0.5 GtonOE 

more than the reference case). Thus, the accelerated case accomplishes such a high net negative 

emission effect of 4.5 GtonC/year. 

 

(9) Securing necessary nuclear energy supply 

     To secure nuclear energy necessary to generate electricity and process biomass, a system of 

fast breeder reactors and plutonium fuel recycling with a suitable breeding performance are to be 

timely deployed. 

     According to the evaluation(8) of nuclear fuel cycle with realistic conditions, the maximum 

nuclear supply capability in 2065 is estimated to be 7.2 GtonOE as shown in Fig.6. The necessary 

nuclear supply in this carbon-negative energy system will be 4 (electricity) + 2.4~2.9 (biomass) = 

6.4 ~6.9 GtonOE, and the sustainable nuclear supply will be possible. 

 

Fig.6 Maximum Nuclear Supply Capability by FBR-Pu Recycle 

 

 (10) International system for financing and operation of CDR 

     The CDR is a gigantic international public-works project. An international system for 

financing, funding and operation is to be constructed. Together with the hydrocarbon fuel supply, 

the CDR will evolve into creating new big environment/energy businesses. 
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6. Summary Abstract 

♦ Investigated is a carbon-negative energy system which supplies energy sustainably to the world 

and sequestering carbon from the global carbon cycle to control atmospheric CO2 concentration. 

♦ Judging from the current global warming trend, it is considered necessary to deploy and operate 

such a system by around middle of 21st century. 

♦ In the conceptual system presented, carbon will be effectively removed from the global carbon 

cycle by the biomass-nuclear synergistic process to produce biochar and biofuel. 

♦ Typically by this carbon-negative energy system in Year 2065, primary energy is supplied by 

renewable and nuclear energies without any fossil fuel, 75% of primary energy is used for 

generating electricity, 25% of primary energy is used for production of hydrocarbon fuel, and 

1.1~4.5 GtonC of carbon is sequestered as biochar from the global carbon cycle. 

♦ Amount of biomass processed is within the estimated range of bioenergy potential by several 

investigators, and amount of nuclear energy supplied is less than the maximum nuclear supply 

capability by an FBR-Pu recycling scheme. 

♦ The task of removing CO2 and supplying fuel is a gigantic international public-works project, and 

it would evolve into creating new big environment/energy businesses. 
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