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where next: what to do when the best 
renewable resources are already tapped?
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Choice Cuts
With the race for renewables gathering pace, New Zealand  

has lessons to share for those planning to go greener

MARTIN ATKINS
SENIOR RESEARCH FELLOW, ENERGY RESEARCH CENTRE,  UNIVERSTY OF WAIKATO,  NEW ZEALAND

RENEWABLE electricity targets feature prominently in 
many countries’ emissions reductions strategies, but 
are all renewables the panacea that they are often made 

out to be? As countries plan and evaluate renewable generation 
to transition to lower carbon economies, various types of 
energy systems analysis, such as energy return on energy 
invested, should be used to provide additional insights and 
explore the many tradeoffs involved. With growing electric-
ity demand and the widespread electrification of passenger 
vehicles, these types of analyses should be important tools to 
assist policymakers and energy companies as they plan and 
evaluate renewable electricity generation systems of the future.

New Zealand’s electricity sector illustrates  
how high levels of RenEwable electricity can 
be achieved,  although the right mix is  needed 

to ensure reliable supply and long-term 
sustainability

Now that the Paris Agreement on climate change has been 
reached, many countries are developing sector-specific plans 
and policies to achieve their emissions reduction commitments. 
For many countries, renewable electricity will play an important  
role and many have already set targets and started along this path. 
However, there are many other factors to consider with renewa-
ble electricity, such as other environmental impacts, economics, 
grid management, reliability, and scale. As the proportion of 
renewable electricity in a national electricity system increases, 
these other considerations become increasingly important 
and complex. New Zealand’s electricity sector is an inter-
esting example that illustrates how high levels of renewable 
electricity can be achieved, although the right mix is needed to 
ensure reliable supply and long-term sustainability. 

Ne w Ze al and El ec tricit y Sec t or
For many decades New Zealand has relied heavily on large hydro 
schemes to generate 50–80% of total electricity demand (see 
Figure 1). However, one of the weaknesses of this approach is the 

limited storage capacity that exists in its major hydro schemes. 
With about eight weeks of storage in the hydro lakes, electricity 
supply is vulnerable during years of low rainfall. During these 
dry years (eg 1992, 2001, 2008) additional thermal generation, 
mainly from natural gas, has been used to make up the shortfall.

Back in the mid 1970s renewable electricity was 90% of New 
Zealand’s generation but this slowly dropped, reaching a low 
of 65% in 2008 before rising to 80% in 2014. For the past ten 
years, successive governments have had the goal of reaching 
90% renewable electricity by 2025; however with most of the 
good hydro resource used, the growth has needed to come from 

Figure 1: New Zealand electricity generation 1975–2014
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other forms of renewable electricity, with most from geother-
mal and wind. 

New Zealand has a long history of using geothermal steam 
with the first wet steam plant in the world being constructed 
in 1958 at Wairakei just north of Taupo. Growth in geothermal 
was non existent or slow until about 2000 when it had a resur-
gence. Between 2005 and 2013 geothermal generation more 
than doubled and it currently contributes around 15% of total 
generation. Geothermal is now considered the lowest-cost base 
load generation, and further plants are planned.

Dry and flash steam-type geothermal plants with condens-
ing steam turbines are common, especially for large plants 
with high temperature/high enthalpy resources. Binary or 
organic Rankine cycle plants are also common for smaller type 
plants or low temperature/low enthalpy. Recently, a hybrid or 
combined-cycle approach has been used where the binary plant 
is integrated as the condenser for the steam turbine. 

With mos t of the at tr ac tive and accep table 
h y dro resources having al re ady been  

e xpl oited,  the bulk of fu t ure grow th is  
e xpec ted t o come from geo thermal and wind

Interestingly, one of the seldom-discussed facts about geother-
mal (and this tends to come as a surprise to many) is that 
greenhouse gas emissions are associated with extracting and 
using geothermal fluids. These emissions are due to non- 
condensable gases, also called fugitive emissions, which are 

also brought up with the geothermal fluid. The gases are mainly 
carbon dioxide and in New Zealand are included as part of the 
Emissions Trading Scheme (ETS). Also, the quantity can vary 
substantially depending on the geology of the field, and emissions 
factors (EFs) can range from around 0.03–0.70 kg CO2-eq/kWh. 
By comparison, a typical high efficiency combined cycle natural 
gas turbine (CCGT) has an emissions factor of about 0.35 kg 
CO2-eq/kWh (open cycle 0.58 kg CO2-eq/kWh). In New Zealand 
the combined average geothermal emissions factor is around 
0.12 kg CO2-eq/kWh.

With most of the attractive and acceptable hydro resources 
having already been exploited, the bulk of future growth is 
expected to come from geothermal and wind (see Figure 2). 
Nuclear energy is not an option based exclusively on politi-
cal and national identity issues. Many New Zealanders take 
great pride in the nation’s nuclear-free stance which began 
in the mid 1980s. Photovoltaics are likely to play only a small 
part because New Zealand has a well-developed transmission 
and distribution system, which allows lower-cost wind farms 
to integrate well, making widespread use of photovoltaics  
uneconomical. In the short to medium term there is unlikely to 
be any direct government intervention to promote its uptake, 
rather leaving it to the market to control rate and scale. However, 
in some parts of the country photovoltaics will be economically 
viable as part of distributed generation schemes. 

Emis sion Reduc tion Targe t s
Under the Paris Agreement New Zealand committed to an emis-
sions reduction target of 30% of 2005 levels by 2030. The ETS is 

Table 1: Grid emissions factors for selected countries

Figure 2: A generation mix for a given year can be shown using 
supply composite curves. The supply curve is constructed by 
plotting cumulatively the quantity of electricity generated 
against total emissions from each generation source. The slope 
of each segment is the Emissions factor for that generation 
type. The slope of the line from the origin to the end of the curve 
(dashed line) is the Grid emissions factor, GEF 

GEF
kg CO2-eq/kWh 

(2008)

% Renewables
(2011)

% Nuclear
(2011)

New Zealand 0.144a 80a 0.0

Australia 0.802a 15.0a 0.0

Canada 0.181 64.5 14.0

Sweden 0.040 56.2 38.4

Germany 0.441 22.1 17.8

China 0.745 17.8 1.9

Russia 0.326 16.7 16.2

US 0.535 12.7 19.3

France 0.083 12.5 79.0

Japan 0.436 11.1 14.7

UK 0.487 10.6 19.1

Malaysia 0.656 6.5 0.0

South Africa 0.835 1.0 5.3
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Figure 3: Schematic of EROI calculation with system boundaries for EROIfuel and EROIgen indicated. Example RE EROIgen is also shown. Processes 
such as extraction, generation etc are shown within a blue arrow while a stock of energy is shown in an orange or green box.

the main policy instrument designed to achieve that reduction, 
although its effectiveness is currently under review and further 
changes are likely. The electricity sector has limited emissions 
reduction potential due to the high levels of existing renewable 
energy and the relatively low (but not inconsequential) emis-
sions factor from geothermal.

the scope for emissions reduction from the 
electricity sector is  dependent on two main 

factors;  the initial grid emissions factor (GEF), 
and the potential for renewable electricity

The scope for emissions reduction from the electricity sector is 
dependent on two main factors; the initial grid emissions factor 
(GEF), and the potential for renewable electricity. The grid 
emissions factor is simply how much carbon is emitted per unit 
of electricity generated for the entire grid taken as a whole and 
is typically expressed as the mass of carbon dioxide equivalent 
emitted per unit of electricity generated (eg kg CO2-eq/kWh). 

Internationally there is a huge range of grid emissions 
factors depending on the amount of renewables and nuclear 
generation used (see Table 1). 

Australia, for example, has a large potential for renewable 
electricity, especially in the form of solar and wind. However, 
in 2014 Australia generated only 15% from renewables, 60% 
from coal (down from 79% a decade earlier) with the remain-
der from natural gas. Even with generous federal and state 
government incentives for residential photovoltaics in the form 
of rebates and generous feed-in tariffs, and strong growth in 
other renewables, the overall grid emissions factor is still high 
at 0.802 kg CO2-eq/kWh. For Australia it would be possible 
to easily meet its Paris Agreement commitments entirely by 
changes in the generation mix. Over half the commitment 
could be met if 60% of the coal generation were replaced with 
high efficiency CCGTs without adding any further renewables.

New Zealand, on the other hand, has limited scope for large-
scale emissions reductions from the electricity sector because 
of the already-high levels of renewables. Only about 20% of 
the country’s Paris Agreement commitment would be met if it 
reached 100% renewable electricity by 2030 (which is unlikely). 
The government is forecasting that around 12–15% of the 
target would be met from the electricity sector and the renew-
able electricity share of total generation to peak at around 90%. 
Around half of New Zealand’s total emissions come from the 
agriculture sector (with livestock emissions making up the 
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bulk for this sector). There is limited scope for major reduc-
tions in this sector and it is the cornerstone of the economy. 
Significant reductions will be required from other sectors such 
as transportation, industrial process heat, and forestry.

Countries with low grid emissions factors will have less 
scope for emissions reductions from national renewable elec-
tricity targets and may also need to examine electricity use per 
capita (eg efficiency gains) to reduce emissions from the elec-
tricity sector.

Energy Re t urn on Energy Inves ted
Energy return on energy invested (EROI) is an energy systems 
analysis technique that can simply be defined as the ratio of 
the amount of ‘useful’ energy extracted, produced or generated 
to the amount of energy ‘invested’ or ‘expended’ to extract, 
produce, and generate the useful energy1 (see Figure 3). Many 
renewable electricity technologies, such as wind and solar, 
do not require extraction, processing and distribution in the 
way fossil fuels do. Direct inputs include fuel and electricity, 
while indirect inputs include embedded energy in construction 
materials. Separate EROI values can be defined for differ-
ent energy types or carriers, such as for a fuel, EROIfuel, or  
electricity, EROIgen. 

While it may sound like a relatively simple concept, the 
values quoted in the literature vary greatly due to different 
quality resources and methodological differences (see Figure 4). 
Renewable resources can vary greatly in their quality, such as 
average wind speed or solar irradiation, which can have a major 
influence on the EROI value. The use of different or ill-defined 
system boundaries and definitions of what constitutes energy 

‘invested’ also contribute to the large differences found, espe-
cially for the same energy type or resource. Sometimes the 
disparity in values is simply due to the story the author is trying 
to tell! A good example is the range of EROI values reported for 
nuclear power – values range from less than 1 (ie more energy 
is invested than it produces) to over 100! 

renewable electricity will continue to grow 
in importance as countries green their energy 
systems but the wider implications of higher 

levels also needs to be examined

Despite the uncertainty around exact EROI values the merit 
of EROI studies is perhaps best illustrated by looking at corn 
ethanol. There are numerous studies that calculate EROI for 
corn ethanol and there is considerable debate as to whether 
it actually yields a net positive energy gain2. The range of 
published values from the major studies is relatively small, 
from 0.8–1.5, whereas EROI for sugar cane ethanol is estimated 
to be from 8–30. But if you step back and look at the big picture 
you quickly realise that for all of the studies the amount of net 
energy gained from corn ethanol is very marginal, which begs 
the question – is it worth the effort in the first place? Are there 
better ‘energy investments’ that could be made?

Another factor that is not often discussed in the context of 
renewable electricity is that the quality of renewable resources, 
and therefore EROI, tends to decrease as more renewable elec-
tricity is added because the high-quality resources (usually the 
most economic ones) are exploited first. EROI values tend to 
decrease over time as more generation is added due to the best 
sites being utilised first (ie highest average wind speed) but 
can also increase (at least in the short term) as the technol-
ogy to harvest and exploit these resources improves, as in the 
case of photovoltaics. It must also be noted there is consensus 
that EROI values for fossil fuels are declining globally because 
they are generally becoming more difficult to extract and their 
EROIs have fallen and will continue to fall.

The implication is that the overall EROIgen for most countries’ 
electricity sector will decrease over time as more renewable 

Figure 4: EROIgen values and ranges for various electricity  
generation types and resources
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electricty is added. That is to say that more energy will need 
to be invested to generate each unit of electricity. For the New 
Zealand electricity sector, we estimated the overall EROIgen was 
34 in 2011, down from 36 in 1990, and is expected to continue 
a gradual decline as more renewable electricity is added3. The 
only other EROIgen estimate for an entire electricity sector has 
been for the UK, which was estimated to be 5.44.

Carbon Cap t ure and S t or age
For many countries carbon capture and storage (CCS) is seen 
as a central part of the future low-carbon generation mix. But 
even though billions of dollars have been spent on research and 
development, little work has been published on the EROI impli-
cations of CCS. 

We estimate that for post-combustion carbon capture from 
coal (based on amine separation and 90% carbon removal) 
energy invested would increase between 35–85%. The EROIgen 
for a coal-fired station with an EROIfuel of 30 and EROIgen of 
9.34 (based on 33% thermal efficiency) would decrease to as  
low as 5. 

The largest factor influencing EROI reduction is the energy 
penalty due to CCS, which can be either burning more fuel or 
reducing net electricity supplied to the grid. Much more work 
is needed to carefully weigh the wider energy implications and  
carbon reduction benefits of CCS before it is extensively adopted. 

Final Thought s
Renewable electricity will continue to grow in importance as 
countries green their energy systems but the wider implica-
tions of higher levels also needs to be examined so that the 
various tradeoffs are understood. Energy systems analysis 
tools, such as EROI are important to inform the debate about 
which renewable electricity methods should be used, how 
much and where, and the overall effect on both the economy 
and the environment. 
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Practical Distillation Technology
25–27 July, Singapore
12–14 September, London, UK  

Presented by Henry Kister, a recognised 
specialist with a vast background in all phases 
of distillation, this course examines distillation 
technology in detail.
With particular emphasis on the problems 
that can occur and how to solve them, you’ll 
discover key techniques for trouble-free 
operation and reduced distillation cost.

This course can also be run in-house,   
email courses@icheme.org to request a quotation.

Book Singapore – www.icheme.org/pdtsing
Book London – www.icheme.org/pdt
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