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Charlie Barnhart Standing on the Shoulders of… 
Prof. Mik Dale 
Prof. Adam Brandt 
Prof. Sally Benson 



Think, Pair, Share ---Then Poll 

Vegan driving a Ford 
150 Raptor (11 MPG) 
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Cyclist on a Paleodiet 
 

On average, who ‘consumes’ more energy per day? 



Think, Pair, Share ---Then Poll 

Vegan driving a Ford 
150 Raptor (11 MPG) 
Text 620572 to 37607 
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Cyclist on a Paleodiet 
 
Text 620573 to 37607 
 

On average, who ‘consumes’ more energy per day? 



Transportation 
•  Ford F150 Raptor fuel economy is 11 MPG 

•  (This is equivalent to 4.7 km per liter) 

• Each American drives about 10,000 miles per year 
•  (This is equivalent to 44 km per day) 
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•  Thermodynamic Minimum: 2600 kcal per day 
•  ~3 kWh per day 

•  Dairy? 
•  Add 1.5 kWh per day 

•  Eggs? 
•  Add 1 kWh per day 

•  Meat? 
•  Add 8 kWh per day, 16 kWh per day if beef 

•  Energy consumed in fertilizer and farming? 
•  2 kWh per day 

Diet 
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Modern agriculture is the use of land to convert petroleum into food. 
-Albert Bartlett 

cf. MacKay www.withouthotair.com 

Average person: 12 kWh per day 
Vegan: 5 kWh per day 
Paleodieter: 20 kWh per day 



Diet: 5 kWh / day 
Truck: 94 kWh /day 
Total: 99 kWh /day 
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Diet: 
 Base: 20 kWh / day 
 Additional 1300 kcal 
 for cycling: 10 kWh / day 
Total: 30 kWh / day 

  
  

  
 

On average, who ‘consumes’ more energy per day? 

The Results 



How else do we ‘consume’ energy? 
•  Think, Pair, Share 
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Lighting Wireless 
devices 

Cleaning Refrigerating Cooking 

Computing Cooling Traveling Communicating 

Visiting Friends in 
Seattle 

Eating Drinking 

Energy for goods and services 
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Defense Shipping 



What about energy for energy? 
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Collecting Firewood, S. Africa 

Coal Mining, PRB, Wyoming 

Thunderhorse Oil Platform, GOM Silicon Ingot Wind Turbine Blade 



What is the function of the energy industry? 

Fundamentally, the energy industry takes labor, 
capital, and energy inputs and consumes them in an 
effort to deliver usable energy to society. A functioning 
energy industry delivers more energy to society than it 
consumes. 
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Biological systems-scale efficiency 
metrics 
• Early work in systems-scale energy efficiencies inspired 

by biologists and ecologists 
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FIG. 8. Energy-flow diagram for upstream and downstream communities of New Hope 
Creek. Metabolism is in Cal m-3 day-1, as volume differences in metabolism is suggested 
as an important factor. Energy enters the system either directly as solar energy, which passes 
through the food chain, as leaf litter, or as stream-flow energy which aids in the distribution 
of resources and dispersal of wastes. Upstream migration. requires additional energy to over- 
come this flow. Symbols are those of Odum. (1967a, 1967b, 1971). Circles represent energy 
sources and darts energy (heat) sinks. Bullet-shaped modules represent plant or plant-animal- 
microbial communities. Hexagons represent animal populations of interest. The six-sided fig- 
ures with included multiplying symbol are work gates, or places where one energy flow may 
influence another, often larger flow. In general energy flows are from the upper left to lower 
right, and the width of the energy-transfer lines is only roughly proportional to their 
magnitude. 

nisms that do not feed during their migrations, such 
as salmon (Idler and Clemens 1959) and some birds 
(Caldwell, Odum, and Marshall 1963). 

The second method was used for these estimates. 
An additional 100 ml 02 kg-1 hr-1 was alloted as 
the cost of migration. This is probably a high esti- 
mate. Multiplying this by the annual biomass moving 
upstream past station 6 (120 kg) by the period of 
major movements (3 months or 2200 hr) gives a 
high total energy cost of 1.32 - 105 Cal for the entire 
watershed above station 6, or 2.8 cal m-3 year-1. 
This is about 4% of the estimated fish metabolism 
and about 0.04% of the annual metabolism of the 
entire ecosystem. If it is assumed that the upstream 
migration is necessary to maintain the stocks of fish 
in the upstream portion of the stream that period- 
ically dries up, this energy used for migration has a 
multiplying effect of at least 25. That is, for every 
calorie spent in migration, that population would 
gain at least 25. Another analysis, oversimplified be- 
cause it does not take into account density-dependent 
factors, indicates that a New Hope Creek fish, as- 
sumed to be at the third trophic level, would gain 
0.021 cal m-3 year-' by living upstream, compared 

with a cost of 0.008 cal m-3 to get there. The larger 
absolute increase in energy availability during the 
spring pulse upstream makes seasonal exploitation 
of this resource worthwhile even including density- 
dependent effects. By any of these analyses, migra- 
tion is a worthwhile investment of a population's 
energy resources. Shorter migrations would gain less 
energy, but also cost less. Energy relations are sum- 
marized in Fig. 8. 

Possible adaptive values of migrations 
in New Hope Creek 

Various possibilities exist for the selective advan- 
tage of tying together various sections of the stream 
by animal migration: (1) Already discussed is the 
role of migration in the reproduction and dispersal 
of juvenile stages of the species. (2) Various areas 
of the stream may become devoid of fish due to 
natural disasters, such as drought, summer low ox- 
ygen, severe predation, and so forth. Migration pro- 
vides a steady source of recolonizers that can occupy 
empty habitats. (3) The migration and reproduction 
system allows a population to be maintained in a 
current. Any downstream drift may be compensated 

Hall (1972): Why do fish 
migrate?  Is the extra 
energy they expend in 
migrating paid back in 
access to more food? 

Source: Hall (1972) Migration and metabolism in a temperate stream ecosystem 

Work expended to move  
upstream repaid  
≈ 25 times in food 
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Life in general 

Energy Invested 

Energy Returned 

Energy Deficit 

Energy Surplus 
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Early human “energy industries” 
• Early human societies were historically subject to energy 

return limitations 
•  Hunter and gatherers (on average) must capture and gather more 

calories than they expend on hunting and gathering 
•  Agriculturalists must grow more calories than the effort expended in 

growing their food 

13 

Source: Smil (1994) Energy in human history 
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An Analogy: Financial Analysis 
• You have to invest money to make money 
•  To be profitable you need to make more money than you 

invest. 
•  Investments with high rates of return are better than 

investments with lower rates of return. 
•  Investments that are more profitable and have shorter 

breakeven times are easier to grow quickly. 

How do these ideas apply to  
energy systems? 
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Net Energy Analysis (Macroenergetics) 
•  It takes energy to make, operate and decommission the 

devices and systems needed to produce energy. 
•  For a device or system to be useful to the global energy 

system: 

Energy Output > Total Energy Inputs 
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General insights from net energy analysis 
 

1.  A primary energy resource must provide more energy to 
society than that consumed in extracting, processing, and 
distributing the energy 

2.  Energy resources that do not meet this criterion are either 
“subsidized” by other energy resources or are uneconomic 

3.  Net energy returns will decrease as the quality of the resource 
declines 

4.  Net energy returns will increase as technologies improve 
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Net Energy and Society 

•  Industrial Revolution was fuelled by easily accessible (i.e. 
cheap) and abundant fossil fuels; 

• Rapid and large payback led to ‘upward growth spiral’ of 
increasing energy supply; 

• Historically the energy sector has required very low 
energy investment (<10% of gross production); 

•  This leaves lots of net energy available to society to do 
things we like – hot showers, cold beer, fast cars… 
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Net 
Energy 

Energy 
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Feedback 
Energy 
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Net Energy Analysis 
Net Energy Analysis (NEA) is the means to account for embodied energy: 
•  Definitions: 

•  Net energy analysis is “determination of the amount of primary energy, direct and 
indirect, that is dissipated in producing a good or service and delivering it to the 
market” (Peet, 1992) 

 
•  Energy return ratios, e.g. energy-return-on-investment (EROI), tell us how 

many times a given investment of energy will pay back: 

•  Energy payback time (EPBT) tells us how quickly a given energy investment 
will be paid back. 
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The concept of “energy returns” 
• Energy return ratios (ERRs) compare the amount of 

energy produced by an energy system to that which it 
consumes 

19 

Energy outputs 

Energy inputs 
ERR =  

*ERR ≥ 1 for successful extractive industry 
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Energy flow for single plant 

Eg 

Eop 

Ec 

Ed 
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Energy Return on Investment (EROI) 

EROI =  

Eg 

Eop 

Ec 

Ed 
+         + 
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Energy Payback Time (EPBT) 

•  The time an energy production technology takes to pay 
back all of the energy inputs. 

• Has dimensions of time (often years).  

• Definition: 

•  In terms of diagram:  EPBT =
E

c

+ E
op

+ E
d

Ė
g

EPBT =
Energy

in

Annual Energy
out
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Example 1: Coal 
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Data from White & Kulcinski (2000).  

Ec=147 TJ Eop=83 PJ Ed=20 TJ 
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Data from White & Kulcinski (2000).  
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•  Non-renewable technologies have large O&M costs, normally 
associated with fuel cycle; 

•  Renewable technologies often have large up-front costs associated 
with construction and installation. 

EROI = 11   
EPBT = 3.5 yrs 
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Data from White & Kulcinski (2000).  

Ec=147 TJ Eop=83 PJ Ed=20 TJ 
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Pop Quiz---Poll 
• Which resource, on average, today, has the highest EROI? 

•  Wind?   761392 
•  Solar?   761393 
•  Oil?       761394 
•  Coal?    761395 
•  Natural Gas?   761396 

•  Text Answer Code to 37607 
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Primary EROI 

Cleveland, Cutler J., Robert Costanza, Charles A.S. Hall, and Robert Kaufmann (1986) 
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Think, Pair, Share 
• What might be some issues, problems and caveats 

associated with NEA? 
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Problems with NEA 
• Measuring total energy input is very difficult 

•  Requires knowledge of many processes, embodied energy 

• System boundaries often not commensurate between 
studies 

• Metrics often poorly defined 
•  What is meant by total outputs? 
•  How are different energy types aggregated? 

• Results can be overemphasized 
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Simple definitions, complex 
implementation 
• Definitions for ERRs are easy to state qualitatively, difficult 

to define quantitatively 
•  Energy products are produced in complex “pathways” 
•  Indirect energy consumption can occur in dozens of other 

industries 
•  System boundary considerations loom large and are difficult to 

standardize 

• We are working (Brandt, Dale 2012; Brandt Dale Barnhart 
2013) to standardize methodologies 
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5 Minute Break 
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Athabascan Tar Sands 

Brandt A.R., J. Englander and S. Bharadwaj (2013). The energy efficiency of oil sands extraction: 
Energy return ratios from 1970 to 2010. Energy 
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Boundary Considerations 
• Net Energy Ratio 

• Net External Energy Ratio 
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Net Energy Ratio (NER) 

NER, EROI = 3.25 GJ/GJ 
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Net External Energy Ratio (NEER) 

NEER = 10 GJ/GJ 
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The PV Industry 
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PV—A dynamic energy industry 

• Amortized metrics such as ‘cumulative energy 
demand’ (CED) may disguise the costs of rapid scale-up or 
transition to alternative energy sources 

• Timing of material and energy inputs and outputs is 
important 

• Most renewables require ‘up-front’ payment of majority of 
energy costs 

• Fossil fuels have larger operating costs 
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Energy Inputs for PV Manufacturing"



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


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








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



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



Swanson (2011)"

•  E. A. Alsema, Progress in Photovoltaics: Research and Applications 8, 17 (2000)"
•  Swanson, R. (2011) The Silicon Photovoltaic Roadmap, Stanford Energy Seminar Nov 14, 2011 "

Alsema (2000)"
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Energy flows industry growing at 100% 
per year 
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Energy flows industry growing at 100% 
per year 
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Energy flows industry growing at 100% 
per year 
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Energy flows industry growing at 100% 
per year 
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Energy flows industry growing at 100% 
per year 
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Energy flows industry growing at 100% 
per year 
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Energy flows for growing industry 
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Growing industry requires ‘start-up capital’ 
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Energy Balance of the PV Industry 
•  Industry growth rates [%/yr] 

•  Capacity factor (or load factor) of PV systems [%] 

•  Energetic cost (CED) of PV systems [kWhe/Wp] 
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PV industry is growing rapidly 
48 

Dale & Benson (2013) using data from DOE (2008), EPIA (2011), EIA (2012), UN (2012) 
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Global PV capacity factor 
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Dale & Benson (2013) using data from UN (2011), EIA (2012) 

MEDIAN ~ 11.5 % 
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CED – ‘energetic cost’ for PV: meta-analysis 

50 

Kreith (1990) 
Prakash (1995) 
Kato (1997) 
Keolian (1997) 
Alsema (2000) 
Frankl (2001) 
Knapp (2001) 
Mathur (2002) 
GEMIS (2002) 
Gürzenich (2004) 
Krauter (2004) 
Battisti (2005) 
Fthenakis (2006) 
Muneer (2006) 
Mason (2006) 
Kannan (2006) 
Mohr (2007) 
Pacca (2007) 
Raugei (2007) 
Ito (2008) 
Stoppato (2008) 
Roes (2009) 
Fthenakis (2009) 
Raugei (2009) 
Zhai (2010) 
Nishimura (2010) 
Held (2011) 
Laleman (2011) 

WAFER THIN FILM 

Dale & Benson (2013) 
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Energy inputs to PV – energy learning curves 
51 
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Net Energy Trajectories for CdTe PV 
52 

Dale, Barnhart & Benson (2014) 
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Net Energy Trajectories for all PV technologies 

53 

Lower CED 
technology can 
grow at a faster 

rate 

Dale, Barnhart & Benson (2014) 
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The Power Grid 

CAISO Operations (Whittaker, NYT 10/25/11) 
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Wind Turbines and Solar PV generate 
variable and intermittent power 
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Increasing Flexibility in Power  
Supply and Delivery 

Wider Area Aggregation 
(Transmission) 

Improved Forecasting 

Energy Storage Flexible Dispatchable 
Generation (Natural Gas Plants) 
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Flexible Generation Pathways 

Stored 
Renewables 

Responsive 
Gas 

Generation 

Grid 
Storage 
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How does the energetic performance of 
stored renewables compare with 

energetic performance of natural gas 
generation? 
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Should We… 
•  store wind or curtail it? 
•  store solar or curtail? 
•  store wind or employ NGCT peaker plants? 
•  store solar or employ NGCT peaker plants? 

• what about from a carbon emissions perspective? 
• what about economic, human welfare, environmental and 

social justice perspectives? 

GCEP Symposium 2014 -- Net Energy Analysis Tutorial -- 
charles.barnhart@wwu.edu 59 



Methodology 
•  Developed a theoretical framework to combine the energetic 

costs and carbon intensities of electricity generation resources 
and electrical energy storage technologies. 
•  Track energy expenditures and flows as well as carbon emissions for 

energy resources and storage technologies. 
•  Data were obtained from 

•  Energy storage and energy generation life cycle assessment studies. 
•  Data were divided into ‘cradle-to-gate’ and operational components. 

Energy expenditures and carbon emissions associated with 
decommissioning and recycling were not considered. 

•  Data are harmonized to Cradle-to-Gate when possible but are 
uncertain.  

•  This work focused on building the theoretical framework. 
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Grid-Scale Storage Technologies 
•  safe 
•  inexpensive 
• made from abundant 

materials 
•  high cycle-life 
•  high round-trip efficiency 

•  Lead Acid (PbA) 
• Sodium Sulfur (NaS) 
•  Flow (ZnBr, VRB) 
• Compressed air energy 

storage (CAES) 
• Pumped hydroelectric 

storage (PHS) 
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Energy Stored on Invested 

ESOI =
⌘D�

CTG

€ 

where
η = efficiency
D = depth of discharge
λ = cycle life

CTG =
Cradle to gate embodied energy(MJ)

Storage capacity(MJ)

Geological Electrochemical 

Barnhart and Benson, 2013 
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Life Cycle Storage CO2eq Emissions 

Sources:  
Sullivan and Gaines, 2000 
Denholm and Kulcinski, 2004 
eGRID, EPA, 2009 
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Source Carbon Multiplier 
Storage 
Tech 

AC-AC 
efficiency 

Source Carbon 
Multiplier 

PbA 0.9 1.11 
Li-Ion 0.9 1.11 
NaS 0.75 1.33 
CAES 1.36 0.74 
PHS 0.85 1.18 
VRB 0.75 1.33 
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The Generation Resource Footprint 
Energy return on investment (electrical) 

65 

EROIe data were obtained from 
numerous sources. Only post-2000 
values were considered. EROI data 
were converted to EROIe values by 
energy quality correction value of 
0.3 were appropriate.  
 
Gas: n=14 from 5 sources 
PV: n=24 from 27 sources 
Wind: n=42 from 4 sources 

 (Kubiszewski et al., 2009 was 
  in itself a meta-analysis   
  considering 119 turbines) 
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Carbon Life Cycle Assessment (CO2eq) 

~60% - 70% 
•  Raw Materials Extraction 
•  Materials Production 
•  Module/System/Plant 

Component Manufacture 
•  Installation 

~21% - 26% 
•  Power Generation 
•  System/Plant Operation 
•  System Maintenance 

~5% - 20% 
•  Decommissioning 
•  Disposal 

0.1% 
•  Raw Materials Extraction 
•  Materials Production 
•  System/Plant Component 

Manufacture 

99.8% 
•  Fuel Cycle (13%) 
•  Combustion (87%) 

0.1% 
•  Decommissioning 
•  Disposal 

86% 
•  Raw Materials Extraction 
•  Materials Production 
•  Parts Manufacture 
•  Wind/Turbine/Farm 

Construction 

9% 
•  Power Generation 
•  System/Plant Operation 
•  System Maintenance 

5% 
•  Decommissioning 
•  Disposal 

Upstream Operational Downstream 

NREL LCA Harmonization Studies (2012-2014) 
420 to 670 

O’Donoughue et al., 2014 

3 to 45 
Dolan and Heath, 2012 

39 to 49 
Hsu et al., 2012 
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kg CO2eq/MWh 
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Flexible Electrical Energy Systems 
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GHG =
GHG

s,cap

�D
+GHG

s,op

+
GHG

r

⌘
s
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Big Ideas from NEA for grid flexibility 
•  Flexible power grid energy resources and technologies 

affect the carbon and energy intensity of the power grid in 
which they are deployed. 

•  The flexible technology cannot be considered alone. The 
energy resource predominates energy and carbon 
intensities 

•  Technological solutions not only need to be affordable, 
they need to be aligned with the principles of 
environmental stewardship that guided policy makers to 
spur the use of renewable energy resources.  
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Implications from NEA for grid flexibility 

70 

• With today’s flexible grid technologies we should… 
•  Store wind power with Li-Ion and PHS 
•  Use efficient high power capacity gas turbines 
•  Promote swing capabilities of NGCC-CCS 
•  Avoid storing grid power 
•  Avoid older inefficient low capacity gas turbines 
•  Avoid conventional PbA Storage 

• R&D focus for tomorrow’s technologies should… 
•  Focus on improving battery cycle life and efficiency 
•  NGCC-CCS is a low carbon high efficiency technology, technology 

for storage, capture and variable generation is needed. 
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Net Energy Analysis and Energy Policy 
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1) Valuing Energy Resources 
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2) Net Energy Fuels the Economy 
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3) Assessing Environmental Impacts 
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Brandt A.R., J. Englander and S. Bharadwaj (2013). The energy efficiency of oil sands extraction: 
Energy return ratios from 1970 to 2010. Energy 

NER, EROI = 5.25 GJ/GJ 



4) Early Technology Appraisal 
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ESOI =
⌘D�

CTG

€ 

where
η = efficiency
D = depth of discharge
λ = cycle life

CTG =
Cradle to gate embodied energy(MJ)

Storage capacity(MJ)

Geological Electrochemical 

Barnhart and Benson, 2013 



5) Managing the energy transition 
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Why is net NEA Important? 
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End of Tutorial 
•  charles.barnhart@wwu.edu (Charlie Barnhart) 
• madale@clemson.edu (Mik Dale) 
•  abrandt@stanford.edu (Adam Brandt) 
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Challenges Facing an Energy Transition 
•  1) Scalability and Timing 
•  2) Commercialization 
•  3) Substitutability 
•  4) Material Input Requirements 
•  5) Intermittency 
•  6) Energy Density 
•  7) Water 
•  8) Economics 
•  9) Energetic Input Requirements 

Nine Challenges of Alternative Energy, David Fridley, 2010 PCI 
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