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Abstract

An important aspect of any scientific approach to sustainability must be methods by which the impacts of possible
innovations can be assessed. Clearly, we need to make massive changes in our lifestyles if we are to get anywhere near
‘sustainability’. In this paper, an ‘agent-based model’ is developed which for this initial presentation explores probable
impacts on household consumption and emissions of possible innovations. The model randomly picks a large number (here
10,000, but it can be much larger) of households from four different countries and calculates the effects resulting from the
adoption of specific innovations. The ‘lifestyle’ of the households within the area studied is divided into four different
‘domains’. These are living, food, mobility and energy. Innovations are launched in the four different domains and the
model shows the overall effects on the total input requirements (materials, energy, etc.), the household and food wastes and
the CO, emissions, showing how far the system moves towards sustainability. By using the sustainability criteria of
8000 kg ‘input material’ per year per individual developed by the Wuppertal Institute (Lettenmeier et al. in Resources
3:488-515, 2014, https://doi.org/10.3390/resources3030488, http://www.mdpi.com/journal/resources, ISSN 2079-9276),
we can calculate how far the nation or region is from sustainability after adopting possible innovations. This is a measure of
the total inputs required per individual per year. It allows us to show that for different countries, with widely different
climates (e.g. Finland and Spain), different household innovations would have a greater or lesser impact on attaining
‘sustainable lifestyles’. The model does not pretend to develop a full simulation of each system, including the ecosystem,
type of economy, etc., but does look at the effect an innovation in one household domain will have on all four domains,
thereby providing information that can improve current decisions. It also demonstrates that, although ‘households’ can do
much to improve the situation by reducing their demand for energy and materials, some actions at a national/regional level
will be required to achieve sustainability. For example, sustainability will require an end to the use of fossil fuels for
transportation and a switch to ‘clean’ electrical power generation from renewables and nuclear sources. Without this
change, these countries will find it impossible to reach a sustainable lifestyle.

Keywords Sustainable consumption - Emissions - Household innovations - Comparing countries

Introduction

With the development of computers, modelling of real
systems and situations was able to move on from simply
assuming the system went from one equilibrium to another.
It became possible to represent the dynamical and even
evolutionary changes that might occur over time. Initially,
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the first step was system dynamics (Forrester 1961;
Meadows et al. 2004; Sterman 2000) which described the
changes occurring in a system as a result of the interactions
between its constituent elements, which in social systems
could be different types of agent. But in system dynamics,
elements and agents only interact in ‘average’ ways,
according to their type. The study of systems whose ele-
ments and agents exhibited nonlinear interactions led to the
development of complex systems models capable of self-
organization and of creating new collective, levels of
interaction (Prigogine 1997). Such systems were sensitive
to microscopic fluctuations, leading to different possible
dynamical attractors, regimes of system operation and
futures. More importantly, perhaps they were sensitive to
the diversity of characteristics and capacities, which could
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provide the basis for adaptation, evolutionary changes and
learning (Holland 1996; Allen 2013).

Agent-based modelling (ABMs) can use the actual
statistics of a situation (the distributions and not just the
averages) to set up and run dynamic models (Bonabeau
2002; Gilbert 2007; Miller and Page 2007). This can
include both competitive and synergistic non-linear inter-
actions between elements and agents and applies to the
whole of management, decision making, organization and
innovations (The sage handbook of complexity and man-
agement 2011). But, modelling and exploring ‘possible
futures’ for a ‘real’ situation, such as the material and
energy flows of households, requires at the very least the
inclusion of variables and interactions concerning the
ecosystem, environment, economy, local culture, climate
and technological changes. However, in this paper, our
intention is not to try to build a full simulation of each
system, but to examine the impact arising from the adop-
tion of a given innovation by households, calculating both
the direct effects on the immediate domain and also the
secondary ones on the other domains of the household. We
are interested in being able to explore the resulting changes
in the environmental footprint of households and in using
this information to suggest to policy makers which inno-
vations would be most effective.

Households are one of the largest contributors globally
to carbon emissions. But the 2008 Climate Change Act
requires (a) 34% cut in 1990 greenhouse gas emissions by
2020 and (b) at least an 80% cut in emissions by 2050. It
will be impossible to meet the 2050 objective without
moving away from fossil fuels, both for transport and for
energy generation (Palmer and Cooper 2012). Urban areas
are responsible for in excess of 70% of these (Dodman
2009). In Ivanova et al. (2016), the environmental impact
of household consumption is studied using a multiregional
input—output database. They show the carbon, land, mate-
rials and water footprints per individual for different
countries. This shows the collective impact of households
on the environment, revealing the overall effects of dif-
ferent situations and lifestyles. In our study here, however,
we are concerned with how far potential innovations might
reduce household demands on the environment, whilst
retaining the natural diversity of household behaviours
within each study. Reducing the emissions from house-
holds in our towns and cities is a significant international
challenge. Reductions of 80% on 1990 levels by 2050 have
been promised by the signatories of the Paris Agreement on
Climate Change (Paris agreement on Climate Change
2016) and clearly households will be key in achieving these
changes. The different factors that contribute to resource
use and emissions have been divided into different
domains—namely, ‘living, food, mobility and energy’.
Clearly, these domains interact as we try to keep warm, to
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cook our food, dispose of our household and food waste,
and travel to and from work and to the shops. Our current
lifestyles are completely unsustainable over coming dec-
ades as we use far too much energy and material flows—
for example on average around 31,000 kg of ‘inputs’ per
person—where a sustainable level would be around
8000 kg (Robinson 1990). The model we develop here is
neither simply about forecasting nor backcasting (Rijnhout
and Lorek 2011). We build an ABM model of the flows
into and out of households of a region and use it to cal-
culate the impacts of different possible innovations on
these. We do, however, look at these possibilities using the
idea that a reduction of these towards 8000 kg of material
footprint would be closer to sustainable. This allows us to
examine their relative impacts in the different countries
studied, and hence to provide policy advice concerning
which innovations would be most effective. The output of
our model is in terms of the total material input require-
ments per individual and how far they are above the sug-
gested 8000 kg (Lettenmeier et al. 2009; Lettenmeier et al.
2014; Ritthoff et al. 2002). We can see how great the
changes required will be if we are ever to arrive at a sus-
tainable lifestyle. The model that we have developed here
aims to illuminate the possible household innovations that
could be adopted by households, leading to an exploration
of possible low carbon scenarios for the chosen examples
(Gomi et al. 2007). The model provides an approach that
advances the science of sustainability by helping the choice
of innovations to be promoted as well as improving the
design of future housing and urban planning (Advancing
sustainability science: report on the International Confer-
ence on Sustainability Science (ICSS) 2009). We focused
on households, however, and did not consider specifically
the sustainability or input footprints of organizations and
businesses themselves, or the actual patterns of travel to
and from work. Both of these would certainly play an
important part in any sustainable lifestyle (Garcia-Mera
et al. 2017). However, in our development of this initial
non-spatial ABM, we decided that this could only be
included in an approximate fashion. We included innova-
tions involving reductions in travel, especially car travel,
but not specifically attached to particular changes in
commuting distances.

Clearly, interactions between agents could affect the rate
at which innovations might spread, due to imitation and
economies of scale, but here, as a first step we simply wish
to look at the effect of the adoption of possible innovations,
to provide innovation policy advice.

Another issue that we have not considered explicitly is
that of ‘servicizing’, where households might change from
acquiring products for themselves and adopt companies
that offer services (Van der Veen et al. 2017). However,
quoting Tukker, “For consumers, having control over
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things, artefacts, and life itself is one of the most valued
attributes. PSS (Product Service Systems) are often less
accessible, or have less intangible value, than the com-
peting product, in part because PSS usually do not allow
consumers as much behavioural freedom or even leave
them with the impression that the PSS provider could
prescribe how they should behave” (Tukker 2015). Clearly,
then it seems that at present this is really one kind of
innovation that might have a large impact on household
footprints, but it is not yet clear how much. In the model
developed here, we try to keep to a ‘simple’ study of
households and their footprints.

The EU-innovate simulation model

The simulation model is an agent-based model developed
using MATLAB software (“Matlab,” 2016). This software
platform was chosen ahead of other potential alternatives
(AnyLogic, Repast Simphony, Python, Netlogo) because of
its ability to run in multi-processor mode, customization
capacity, performance capacity and its ability to execute
the model by a third party without the need for a MATLAB
licence.

Problem definition

The model addresses the following research problems: Are
there scenarios of domestic consumption behaviours which
can move us closer to sustainable lifestyles? Can the
transition from contemporary lifestyles to sustainable life-
styles be achieved via user innovations in domestic con-
sumption behaviours? How can this transition be achieved?

The EU-Innovate model addresses these problems by
simulating artificial societies, representative of any scale of
community, and assessing the following:

the sustainability performance of domestic consumers
(current or future);

the sustainability performance of systemic innovation
targeted at domestic consumers in a society (current or
future);

the impact upon sustainability performance from the
adoption of user innovations in four household domains:
food, energy, living and mobility;

the effect of policies or societal changes (e.g. marketing,
increased trust) upon the adoption of user innovation in
the short and long term;

the impact of policies or societal changes which are
targeted at different sizes of household: small, medium
or large;

transition pathways to sustainable domestic lifestyles;

identification of user innovation types and adoption rates
that have the greatest potential to achieve sustainable
lifestyles; and

verification of the assumptions of policy intervention
into sustainable lifestyles.

Model design

The model is ‘agent based’ and corresponds to a population
of households that stochastically adopt innovations. Each
agent corresponds to a household. The model is designed to
explore the overall consumption of the system, using sus-
tainable performance metrics of carbon emissions and
kilograms of consumption per individual. In other words, it
calculates the changing ‘sustainability’ of the system of
households in terms of their reduced ‘input footprints’ and
outputs of emissions and wastes. Scenario data provide the
baseline information for the artificial simulated society.
The model uses national, annual consumption data for the
four domains which is reasonably accessible via govern-
ment statistics websites. However, the model is entirely
flexible and can create scenarios based on any scale, pro-
vided that good data can be determined at the preferred
scale. Innovation Data provide the information on what
areas of consumption are improved and the magnitude of
change in consumption.

The key to the model design is to recognize the inte-
grated nature of households. The schematic in Fig. 1 shows
overlapping domains: green for food, red for energy, blue
for living and yellow for mobility. Coloured lines show the
relationships, for example, food waste is accumulated into
household waste, as is waste from household occupancy.
Household occupancy itself determines the food consumed
and the energy used, and the energy used depends on the
particular types of energy installed in particular house-
holds. Mobility emissions depend on fuel, choices of
transport and miles travelled. Mobility fuel consumption
resides in both energy and mobility domains and so on
(Figs. 2, 3, 4, 5).

Model initial conditions are driven by the scenario data.
The agents/households in the model are sufficiently
numerous to be considered as representative of the system
as a whole. For example, in the model used in the output
shown below, we have picked 10,000 households from the
millions available in the UK, Germany, Spain and Finland.
The model can easily be set to take up to a million
households—it just takes longer to run.

The households are representative of the statistical dis-
tributions of the data. This is achieved by probabilistic
means. For example, the proportions of households with
different floor areas may vary (Table 1) (i.e. the values A,
B, C, D and E need only to add up to 1). Because this
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Fig. 1 Integrated household domains: food, energy, living and mobility

happens probabilistically, each time the model is run there
might be slight differences.

The innovation adoption process happens annually
through the following steps:

Select agents with given probability of adoption from the
population.

Remove agents that have already adopted an innovation
from the selection.

Remove agents that are not active from the selection.
Remove agents that are not eligible for a particular
innovation from the selection (e.g. agents that do not
have cars are not eligible for car efficiency innovations).
Adopt innovation for agents in the selection and mark
them as adopters.

Activate a percentage of previously inactive agents
based on the number of adopters.

@ Springer

Model input requirements To run the model, three data

sets are required: Scenario, Innovation and Policy/Social
adoption.

The Scenario input data concerns the number of
households and their different floor areas and occupan-
cies. It also provides details of the food consumed and
the waste generated, the number of cars per house,
distances travelled, energy consumed, etc. This allows us
to see the material and energy ‘footprint’ of households
in the region.

The second input file required is the Innovation Data.
The innovations considered are discussed in Sect. 3.
The third input file required to run the model is that of
Policy or societal change data. This can be used to
explore the ‘adoption process’ and explore ‘what ifs’.
For example, there may be a known barrier to adoption
of particular innovations, such as upfront capital
requirements, or access to information; or it might be
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Fig. 2 The model sums over the changing population of agents (here we see four households) with and without the innovation. It calculates the
changing levels of energy and material consumed as well as emissions and wastes generated

clear that with improved trust or other societal change,
take-up could be improved, leading to more sustainable
behaviours. The Policy or social change data allows the
user to provide an adoption rate, or a conversion rate,
which indicates the speed at which the adoption could be
taken up. The model assumes inertia in the system and
that there will also be some fraction of households who
will not adopt innovations. Further, some households
will not be eligible to take up an innovation, because
they do not have the essential characteristics, for
example, reducing the kilometres travelled by car is
impossible for a household with no private vehicles. The
adoption rate provided in the data results in a logistic (or
sigmoidal) curve of adoption (based on feedback from
active households), flattening out to reflect the maximum
possible scale of adoption, provided a sufficiently high
adoption rate is selected.

Exogenous variables which are not included in the
Scenario input file and have no influence on the model
processing include: the price of energy (the model assumes
that demand is a reflection of affordability), household
growth (new households are not created during the model
runs, but multiple scenarios can be created and model
experiment results can be compared, e.g. a UK 2035 sce-
nario is likely to have a different household constitution)

and changing demand (other than from user innovations)
are not considered; for example, if demand changes
because of energy efficiency improvement in electric
vehicles, then a new scenario can be created with this
information and model experiment results can be
compared.

Non-linearity and feedback are well-known character-
istics of complex systems. A non-linearity occurs when a
change in one characteristic might lead to more or less than
proportional changes in another. For example, adoption of
improved insulation can lead towards zero heating demand,
due to the increased retention of heat in the household from
other energy end uses such as lighting and cooking and also
from household occupants. The model has implemented
non-linearity for innovations in the living domain. Other
non-linearities occur via innovation “Change food
source—local” in which fewer kilometres are travelled,
also reducing carbon emissions. Similarly, “Change energy
source—PV” gives rise to reduced energy supply and to
reduced domestic emissions.

Feedback occurs in the adoption process. At initializa-
tion, there is assumed to be 80% inert households and 5%
that stay inert. The entire population is a non-adopter of
any innovation at the outset. At each time step, a number of
households are selected based on the adoption rate. Any
inert households are ignored as are any adopters (after
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UK Per Pe kWh/yr  kgsCo2/yr kgsCo2/yr Ltrs/yr  Ltrs/yr  kgs/yr  kgs/yr kgs/yr  kgsCo2/yrkgs'

Dom Ener Dom Emis Mob Emis: Diesel Petrol Waste  food WastFood Con Total Emidkgs/ind |Reductior]% Sust ~ Average Best

Initial 7964 2259 1228 146 158 234 64 565 3487 32523 0%

Coop Livi 0% 43% 2% 1% % 1% 17% 0% 28%  23%|  23%| 213% 23%

Improved, 36% 29% 0% 0% 0% 0% 0% 0% 19% 20% 20%  227% 14%

Reduced 24% 19% 0% 0% 0% 0% 0% 0% 12% 13% 3% 254%

Reduced 0% 0% 0% 0% 0% 34% 0% 0% 0% 0% 0% 306%

Reduced 0% 0% 0% 0% 0% 0% 25% 25% 0% 5% su|  285%

Change S 0% 0% 2% 18% 34% 1% % 0% 8% 6% 6%  281% 3% 6%

Reduce P 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% o%|  306%

Reduce F 0% 0% 0% 0% 0% 0% 34% 0% 0% 1% 19%|  304%

Reduce K 0% 0% 1% 16% 29% 0% 0% 0% 7% 5% su|  285%

Electriccd  -13%  -24%[00051%  39% 34% 0% 0% 0% 2% 1% 1% 302%) 2%

Increased| 0% 0% 21% 16% 29% 0% 0% 0% 7% 5% s%|  285%

Change M 0% 0% 1% 14% 35% 0% 0% 0% 8% 6% 6% 283% 6%

Reduce C 5% 9% 0% 0% 0% 0% 0% 0% 6% 3% 3% 296% 2%

PV+ Gree 0% 18% 0% 0% 0% 0% 0% 0% 12% 6% 6%  284% 6%
[Total 26% 41%

DE Per PeikWh/yr  kgsCo2/yr kgsCo2/yr Ltrs/yr  Ltrs/yr  kgs/yr  kgs/yr kgs/yr  kgsCo2/yrkgs'
IDom Ener Dom Emis Mob Emis: Diesel Petrol Waste Food Was Food Con TotEm |Totkgs |Reductior|% Sust  Average Best

Initial 9029 3829 1817 200 333 277 50 535 5646 53205 0%

Coop Livi 34% 5% 3% 7% 18% 18% 0% 4% 3% 31%|  358% 31%

Improved 37% 0% 0% 0% 0% 0% 0% 25% 26% 26%|  394% 19%

Reduced 27% 25% 0% 0% 0% 0% 0% 0% 17% 17% 7% 451%

Reduced 0% 0% 0% 0% 0% 3% 0% 0% 0% 0% 0% s64%

Reduced 0% 0% 0% 0% 0% 0% 28% 28% 0% 3% 3% 543%

Change S 0% 0% 30% 25% 37% 1% 14% 0% 10% 8% s%|  509% 3% 8%

Reduce P 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% o%|  s65%

Reduce F 0% 0% 0% 0% 0% 0% 37% 0% 0% 0% o%|  s63%

Reduce K 0% 0% 30% 25% 37% 0% 0% 0% 10% 8% s%|  s11%

Electriccd  -23%  -32%| 74% 6% 45% 0% 0% 0% 2% -2% 2% 575% 6%

Increased 0% 0% 30% 25% 36% 0% 0% 0% 10% 8% 8% 512%

Change M 0% 0% 32% 24% 0% 0% 0% 10% 9% o%|  504% 9%

Reduce C 0% 0% 32% 24% 0% 0% 0% 10% 9% 9%  s04% 9%

PV+ Gree 0% 0% 30% 25% 36% 0% 0% 0% 10% 8% s%|  512% 8%
Total 36% 57%

ES Per PerkWh/yr  kgsCo2/yr kgsCo2/yr Ltrs/yr  Ltrs/yr  kgs/yr  kgs/yr kgs/yr  kgsCo2/yr kgs'
Dom Ener Dom Emis Mob Emis: Diesel Petrol Waste Food Was Food Con TotEms Totkgs |Reductior|% Sust  Average Best

Initial 6810 1801 1596 174 227 225 16 441 3397 22362 0%

Coop Livi 27%)| 4% 1%, 7% 18% 18% 0% 29%) 19% 19% 127% 19%

Improved 33% 32% 0%, 0% 0% 0%, 0%, 0% 17%) 10%| 10% 150% 9%

Reduced 22%) 21%) 0% 0% 0% 0% 0% 0% 11% 7% 7% 160%

Reduced 0% 0% 0%, 0% 0% 37% 0%, 0% 0% 0%, 0% 178%)

Reduced 0% 0% 0% 0% 0% 0% 28% 28%) 0% 6% 6% 162%

Change S 0% 0% 27% 20% 37%)| 1%| 34% 0% 13%) 14% 14% 142% 5% 14%

Reduce P 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 179%

Reduce F 0% 0% 0% 0% 0% 0% 37% 0% 0% 0% 0% 179%

Reduce Ki 0% 0% 0% 0% 13% 13% 13% 143%

Electric C -16% 0% 0% 0% 22% 16%| 16% 135% 14%

Increased 0% 0%, 0%, 0% 13%) 13%| 13% 143%

Change M 0% 0% 0% 0% 13% 15% 15% 139% 15%

Reduce Ci 9% 0% 0% 0% 5% 3%, 3% 171% 5%

PV+Gree 0% 0% 0% 0% 13% 7%) 7% 159% 7%
Total 34% 54%

Fl Per PerckWh/yr  kgsCo2/yr kgsCo2/yr Ltrs/yr  Ltrs/yr  kgs/yr  kgs/yr kgs/yr  kgsCo2/yrkgs'

Dom Ener Dom Emis Mob Emis: Diesel Petrol Waste Food Was Food Con TotEms Totkgs |Reductior|% Sust  Average Best

Initial 15014 3824 1838 246 540 241 25 554 5662 43777 0%

Coop Livi 33% 43% 5%) 2% 7% 18% 18% 0% 30% 20% 20%) 340% 20%

Improved 40% 43% 0% 0% 0% 0% 0% 0% 29% 16% 16% 359% 12%

Reduced 27%)| 28%) 0% 0% 0% 0% 0% 0% 19% 11% 11% 389%

Reduced 0% 0% 0%, 0% 0% 37% 0%, 0% 0% 0%, 0% 446%)|

Reduced 0% 0% 0% 0% 0% 0% 28% 28%) 0% 4% 4% 425%)

Change S 0% 0% 31% 23% 37%)| 1% 27% 0% 10% 15% 15% 366% 5% 15%

Reduce P 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 447%)|

Reduce F 0% 0% 0% 0% 0% 0% 37% 0% 0% 0% 0% 446%)|

Reduce Ki 0% 0% 31% 23% 37%)| 0% 0% 0% 10% 15% 15% 367%

Electric C -8% 79| Tr%| T e%|  a9% 0% 0% 0% 20% 20% 20%|  337% 16% 20%

Increased 0% 0% 31% 23% 37%)| 0% 0% 0% 10% 15% 15% 368%

Change M 0% 0% 34%, 20%) 44% 0% 0% 0% 11% 16% 16% 357%

Reduce Ci 4% 2% 0% 0% 0% 0% 0% 0% 2% 2% 2% 439%) 3%,

PV+Gree 0% 7% 0% 0% 0% 0% 0% 0% 5%) 3%, 3% 428%)| 3%)
Total 35% 58%,
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<«Fig. 3 The model output in 2050 for the UK, Germany, Spain and
Finland with the adoption of innovations in each domain. Shading
indicates level of reduction (green) or increase (red)
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Living

Food
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Energy

Fig. 4 The % reductions in resource use in the UK, Germany, Spain
and Finland resulting from the adoption of the different innovations.
Shading indicates the level of reduction (green) or increase (red)

initial adoption). Those remaining become adopters and
household behaviours are updated to reflect the innovation.
The inert population decays over time at a rate that simu-
lates knowledge of the presence of the innovation and word
of mouth advertising, meaning that some households pre-
viously inert become active and available to adopt an
innovation in the next tick. The process simulates adoption
as a logistic (or sigmoidal) curve.

Fig. 5 The decrease in ‘kg’ of
inputs per individual with
different innovations

The model makes some simplifying assumptions

Large households, with 6+ residents, are aggregated into a
single group, which is why the model assumes that 6 is the
maximum occupancy. Such households are a very small
part of the population for now.

Household space is measured in m* and is grouped into
5 bins <50, [50,69], [70,89], [90,109], >110. A minimum
space of 20 m* and a maximum of 300 m? are assumed.
Households are assigned a floor area which is uniformly
distributed within these bin ranges.

Household type (binary) is used to distinguish inde-
pendent housing from cooperative living situations. This is
to allow the cooperative/shared living innovation to
function.

Household efficiency is assumed to have a triangular
distribution with lower and upper values provided in the
scenario. As the efficiency of homes improves, both lower
and upper bounds can be increased in the scenario data; this
would result in innovations having less impact.

Household ‘preparation’ is a proxy for the amount of
cooking performed. This may be improved by the inno-
vation to reduce cooking energy, e.g. by adopting more of a
raw food diet.

Households, with 4+ vehicles, are aggregated into a
single group, thus are undifferentiated. Five modes of
transportation are considered: walking, cycling, car, bus
and train. It is assumed that all households have access to
public transport and bicycles.

Households which do not possess a car are assumed to
use bus and train in equal proportions. Travel as a pas-
senger in a car is neglected, such that fuel consumption and

Reduction in kgs/ind
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Table 1 The different fractions of households of different sizes for
the territory considered

Proportion of households with floor area < 50 m?
Proportion of households with floor area range [50, 69] m*
Proportion of households with floor area range [70, 89] m?
Proportion of households with floor area range [90, 109] m?

SIS

Proportion of households with floor area > 110 m?

CO, emissions are attributed solely to household private
vehicle schedule.

Rural dwellers travel, on average, further than urban
dwellers. It is assumed that rural dwellers travel 30-50%
(uniformly distributed) further than the average household,
and urban dwellers travel 5-15% less than the average
household.

Consumption of energy, distance (km) travelled and
food consumed and wasted are based on household occu-
pancy and are corrected for non-linearity and feedback
effects (see the discussion below) for innovations that are
adopted. The model assumes that 66% of the distance
travelled by the hybrid is powered by the electric motor and
the remainder uses the petrol engine. It is assumed that all
buses and trains run on diesel; electric trains are neglected.

All households are connected to the electricity grid. Gas
use for cooking is assumed to be negligible as a large
portion of household energy for cooking is provided by
electricity (e.g. oven, microwave, toasters, grills).

The amount of energy generated by domestic PV sys-
tems depends on the amount of sunlight hitting the panel
(varies with time of day, season and weather), the size of
the panel and the efficiency of the solar cells inside. Any
power not used could be either stored locally in a battery or
flow back into the electricity grid, and the model currently
“loses” any excess power generated.

An alternative local source for energy generation is an
innovation that is accommodated by ‘other local source’
(e.g. heat pump); the purpose of the innovation might be
for heating or other use, and it reduces energy demand
appropriately and may contribute to emissions.

Heating is a function of dwelling size (i.e. space) and is
not strongly dependent on occupancy. In contrast, the use
of hot water and appliances is heavily influenced by
occupancy.

Households in the size range of 50-109 m” are assumed
to use the average household heating energy, as input by
the scenario data. Households with a floor area less than
50 m? are assumed to use half this energy for heating and
houses with floor area above 110 m?* are assumed to use
double the heating energy. Heating energy is multiplied by
the household construction factor to account for dwelling
energy efficiency.
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A grid reduction factor is present to account for a
reduction in household emissions from using the electricity
grid. Green energy contracts typically work by a “green”
company pumping the equivalent amount of energy into
the grid as is used by the contracted household. Therefore,
while the impact on the grid overall is negligible, the
individual household emissions essentially decrease.

A household with a gas meter uses gas for heating and
hot water. Households with oil or solid fuel use this for
heating only. Households rely on the electricity grid or
locally generated power (PV or other) for all other energy
needs, and heating if gas, oil and solid fuel are not present.

Over time, households become active and decide to
adopt the innovation, and the model shows the growing
impact of ‘adopters’ on the improved and reduced demands
for energy and materials made by the population.

At each time step, the model calculates, first, how many
households have changed from ‘inactive’ (not considering
innovating) to ‘active’ (potential adopters), and then how
many of these ‘actives’ actually adopt the innovation in this
time step. The model calculates how many households in
total have adopted the innovation under study and the
resulting overall values of energy and material flows used
by the region, as well as the CO, emissions and the wastes
generated. Over time, the innovation spreads through the
population, and the model can calculate the overall
reductions in energy and materials used by the system, as
well as the emissions and wastes generated.

The model sums the energy and material flows for the
population under study, which consists of households that
are not considering adopting an innovation, ones that are
considering it and households that have adopted the inno-
vation. This allows the model to show the changing overall
‘sustainability’ of the population over time.

Innovations

Household consumption and waste generation can be
altered if a sustainable innovation is adopted.

Living domain innovations

Innovations in the living domain are categorized by their
primary impact on household living profiles as follows:

1. Change type Household switches from being indepen-
dent to being part of a cooperative housing scheme.
This will reduce the heat losses from the household
and allow non-heat energy to be retained better,
reducing heating energy use per person. Another
change is improved access to public transport.
Secondary impacts are improved construction, reduced
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food waste, reduced space, reduced household waste,
local energy sources, reduced cooking energy and local
food sources.

2. Improve construction Household improves energy
efficiency. The improved efficiency then creates more
retention of all the non-heat energy of a household,
reducing still further the amount of heat energy
needed. Secondary impacts are reduced energy for
heating and reduced domestic emissions

3. Reduce space Household reduces useable floor area.
Similarly, the reduced heat losses due to reduced house
size also leads to greater heat retention from the non-
heat energy used in the house and therefore to reduced
energy for heating and reduced domestic emissions.

4. Reduce household waste Household reduces recycled
and/or non-recycled waste.

Food domain innovations

Innovations in the food domain are categorized by their
primary impact on household food profiles as follows:

1. Reduce consumption Household reduces the quantity
of food consumed/purchased and secondary effects of
reduced food and household waste.

2. Change source Household reduces distance travelled
for food and/or waste generate from overpurchasing
and/or packaging. The secondary effects are reduced
kilometres travelled, reduced fuel consumption and
reduced emissions.

3. Preparation Household reduces energy used for food
preparation. The result is reduced energy for cooking,
reduced total energy usage and reduced domestic
emissions.

4. Reduce waste Household reduces avoidable food waste
and also some household waste.

Mobility domain innovations

Innovations in the mobility domain are categorized by their
primary impact on household mobility profiles as follows:

1. Reduce kilometres travelled Household reduces the
kilometres travelled by car, bus or train. This reduces
fuel consumption and mobility emissions, as well as
domestic emissions for an electric car.

2. Change fuel Household changes car fuel from petrol/
diesel to electricity/hybrid. This will clearly reduce the
consumption of petrol and diesel, and the generation of
mobility emissions. However, it will increase the use
of domestic energy and hence increase domestic
emissions.

3. Change mode Household changes the mode of travel
(walking, cycling, car, bus, train). This will generally
reduce mobility fuel use and emissions, and make
public transport more viable.

4. Increased efficiency By switching to highly efficient
cars and trucks, as for example, hybrids with motors
that stop when the vehicle is halted, and with braking
energy recovery, etc. we can diminish fuel consump-
tion by 50%.

Energy domain innovations

Innovations in the energy domain are categorized by their
primary impact on household energy profiles as follows:

1. Reduce consumption Households reduce energy use in
one (or several) of the five areas: heating, hot water,
lights, appliances or cooking. This clearly reduces
domestic emissions as well.

2. Change source Households may install local energy
sources (e.g. PV or other) or households may switch to
a green energy supply. This will also reduce domestic
energy consumption and emissions

Model output

The model allows us to explore the impacts of different
innovations on a given area of study and to show how
much a specific innovation may improve the ‘sustainabil-
ity’ of the region if adopted by many households. In the
example shown here, the model tracks the changes within
10,000 households chosen at random. It runs for 35 years
from 2015 until 2050. It allows us to see how household
decisions to adopt an innovation can improve the overall
performance and sustainability of the region under study.
In this paper, we can report on the results of applying the
model to the UK, Germany, Spain and Finland. We
therefore run the model for all the different possible
innovations of each domain. The comparison between the
different countries reveals their different ‘starting situa-
tions’, as well as how much the actual climate experienced
by a region affects the difficulties that will be encountered
to becoming ‘sustainable’. For each of the four countries,
we have the change in resource use and emissions resulting
from the implementation of each innovation.

We can explore the different impacts of the same
innovations in the different countries. This reflects their
different housing patterns, domestic heating choices, cli-
matic constraints, energy and transport infrastructure.

Clearly, the ‘living’ innovations have the greatest effect
on Germany, followed by the UK and Finland. For Spain
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the better climate certainly means that heating is not as
great a problem. The ‘food’ innovations have significant
effects for Finland and Germany, particularly through the
‘change source’ innovation that reduces shopping travel.
Finland and Spain respond strongly to the ‘mobility’
innovations. For the ‘mobility innovations’ the average
reductions in inputs are: Finland 16.5%, Spain 14.25%,
Germany 5.75% and the UK 4.25%. Clearly, for Finland
and Spain the ‘mobility’ innovations offer much larger
reductions than for the UK and Germany. The household
‘energy innovations’ seem to work best for Germany with a
9% reduction. In this way, the model can indicate where
the greatest reductions in ‘inputs’ may be made from
innovations in the different household domains.

As regards CO, emissions, again the ‘living domain’
innovations have the greatest effect. Mobility innovations
have the next largest effect on CO, emissions. The only
significant impact of the ‘food’ innovations on CO,, is that
for the ‘change source’ innovation that reduces car travel.
For electric vehicles, it is noticeable that Spain and Finland
gain most, because of the clean grid electricity that is
available.

For the change in CO, emissions that result from the
adoption of the different possible innovations, we find the
results as shown in Fig. 6.

Clearly, the most important improvements in con-
sumption and emissions occur for innovations concerning
domestic heating and car travel. Finland and Germany
reduce CO, most with the living innovations. Spain,

Fig. 6 The % impact of each
innovation for UK, Germany,
Spain and Finland
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however, seems to get the best CO, reductions for the
innovations concerning mobility. An interesting result
seems to arise for the switch to electric vehicles from
petrol/diesel. For Spain and Finland there is a significant
reduction in CO, emissions, while for the UK and Ger-
many it is very small. This is because Spain and Finland
have relatively clean grid electricity (renewables and
nuclear), while the UK and Germany still use a consider-
able proportion of fossil fuels (Fig. 7).

In Fig. 8, we see the emissions in grams of CO, per
kWh of electricity for many different countries. This tells
us that a switch to electric vehicles will reduce overall CO,
emissions if the grid electricity is below 0.52 g CO, per
kWh.

This tells us that there will be no benefit at present to the
environment from switching to electric vehicles in Cyprus,
Czech, Estonia, Germany, Gibraltar, Greece, Hungary,
Ireland, Malta, Poland, Romania, Serbia and the UK. In
Croatia, Denmark, Italy, the Netherlands and Portugal, it
would only give a small improvement.

The important message from this is that unless govern-
ments make sure that their electrical generation is much
less dependent on fossil fuels than it is at present, then the
plans to shift domestic and business consumption towards
electricity are quite misplaced. Any switch from gas
domestic heating and hot water (80% of UK homes) to
electricity would lead to a significant increase in emissions,
and quite contrary to the green commitments that have
been undertaken. Similarly, a switch from fossil fuelled
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Emissions UK DE ES Fl kgs/Ind UK DE ES FI
Coop Living 28% 29% Best Innovations 19188} 22878 10287, 18387,
Improved Con 19% 25% 17% 29% Average Innovations 24067 34051 14759 28455
Reduced Space 12% 17% 11% 19% Sustainable 8000] 8000 8000 8000
Reduced Waste 0% 0% 0% 0% Best Factor 2.40 2.86) 2.30
e ok 0% 0% 0% 0% Ave Factor 3.01 4.26 1.84] 3.56
Change Source 8% 10% 13% 10% Fig. 9 Innovations in all four domains takes Spain quite close to
Reduce Preparati 0% 0% 0% 0% ‘sustainability’. The shading indicates how far from sustainable
Reduce Food Wa 0% 0% 0% 0% households are: green (close), red (far)
Reduce Kms 7% 10% 13% 10% . )
Electric Cars 2% 2% 22% 20% adopted with equal probability (average), or that in each
Increased Efficied 7% 10% 13% 10% domain only the ‘best’ most effective innovation is
Change Mode 8% 10% 13% 119%  adopted. _
Reduce Consump 6% 10% 5% 2% The results of running the model for the UK, Germany
PV+ Green 12% 10% 13% 59% and Finland show us, in Fig. 8, that even with households

Fig. 7 % Change in CO, emissions in kgCO,/person. Shading (green)
indicates the degree of improvement of the innovations. Shading
indicates the level of reduction (green)

cars, vans and trucks to electricity would have a favourable
effect on CO, emissions in Spain and Finland, but an
unfavourable one in Germany (Fig. 9).

Towards sustainability

We can now reflect on the overall improvements that a
whole series of household innovations can produce. We
can examine the effects of adding together the impacts of
innovations in each of the different household domains. We
can either suppose that in each domain each innovation is

adopting the most effective innovations, resource use still
remains well over the ‘8000 kg’ per individual limit for
sustainability. Only Spain, at 10,300 kg, gets close to the
8000 kg limit. To reach ‘sustainability’, as well as house-
holds adopting the innovations studied here, it will be
necessary for the UK, Germany and Finland to make very
large changes to national and regional infrastructure (clean
grid electricity, switching to electric vehicles).

Non-linear effects between household domains

Innovations made in one domain can affect what occurs in
others. In the living domain three innovations have par-
ticularly important effects: change type, improve con-
struction and reduce size. These innovations are ultimately
concerned with the effect on heat loss.

Grid Electricity and Petrol/Diesel kgCO2/kWh
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The total amount of heat transferred is the heat transfer
rate integrated over the time interval. The heat transfer rate
over area A is the heat flux integrated over the area A and
this is proportional to the heat transfer coefficient and the
temperature difference between inside and outside. The
heat transfer coefficient is proportional to the wall mate-
rial’s thermal conductivity and its thickness.

The total heat transferred depends on the heat flux
through wall and roof areas and the time interval. We can
therefore calculate the annual heat loss over 1 year from a
house. Assuming constant house temperature during the
year, the heat lost would be equal to heat gained by running
appliances, heating water, lighting, heat produced by
human bodies as well as regular heating. Energy that is
used in the house for cooking, appliances and lighting also
contributes to the heating. For example, energy for TVs,
fridges, etc. will directly add to the heating, while most of
the energy spent heating water may be lost into the sink.
However, this tells us that innovations that reduce energy
losses will actually have a ‘larger effect than expected’
because they will also reduce the heat losses from cooking,
lighting, hot water and running appliances. For example, in
the UK, a 40% improvement in insulation can produce a
51% reduction in heating energy. Also, heating and light-
ing energy data is given for the household, while the hot
water and appliances data is given per person; so we can
again correct the impact of particular innovations taking
this into account. We also show the effects of changing
food supplies to more local sources, thus reducing car
travel and carbon emissions. Similarly, an innovation in the
energy domain that adopts PV and green electricity will
also reduce energy flows and carbon emissions. But
equally, decreasing energy used for food preparation may
lead to an increase in energy for direct heating. The model
looks at each household at each time step, building up the
changes for the whole system. It gives an accurate picture
of the reductions in energy and material flows as well as in
carbon emissions and the degree to which sustainability has
been improved.

Policy implications

The results of the model show us how each of these
innovations would grow and spread over time. But it is not
a prediction of the overall evolution of the countries
studied towards a sustainable lifestyle. It is really simply a
test of the relative effectiveness of different possible
innovations—if they spread according to the ‘adoption
rates’ supposed in each simulation. In reality, these
‘adoption rates’ will depend on many factors. One will be
the ‘gain’ to the household of the adoption of an innova-
tion. The more positive this is (like improving insulation in
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a cold country), then the more likely this will happen. In
Nordic countries, the winter climate means that they have
already adopted high levels of insulation, and these are
enshrined in the building regulations. The gains arising
from further increases in insulation are therefore not large
and the focus may need to be on travel for work, shopping
and pleasure. Also, as households adopt high levels of
insulation and electric vehicles with clean electricity, the
focus will move to the inputs required for household food
requirements. The model, however, takes into account the
non-linear effects of innovations across different domains,
as for example, better insulation in the ‘living’ domain can
mean that energy used in cooking, washing, etc. can be
better retained and reduce the need for heating energy.
Similarly, reduced travel for food shopping and the adop-
tion of PV energy by a household will both decrease
emissions.

A sustainable lifestyle may well require the adoption of
a ‘low meat’ cuisine. In the warm countries of the
Mediterranean, there is less incentive to insulate homes
further. However, people do seem to travel longer distances
than in the UK, for example, and so some of their climatic
advantages result in higher consumptions of mobility. In
these countries, without some public policy stimulus we
probably will not see much increase in household heat
insulation because there is not sufficient advantage. The
model can of course calculate the overall cost/benefit of
greater insulation and provide information to help decide
whether this is a worthwhile choice for policy action.

All this points to the fact that without public policies of
incentives, price increases for energy and natural resources
or legal obligations, the pace of change towards sustainable
lifestyles will not be rapid. More importantly, the model
allows us to show that the UK, Germany and Finland
cannot fulfil their international obligations in reducing CO,
emissions or attain sustainability (8000 kg inputs/person)
without improving the national infrastructure. Our model
underlines the fact that because it takes 2.2 kWh to gen-
erate 1 kWh for the electricity grid, simply changing over
to electric vehicles is not a solution. We must also switch
the generation of electricity from gas or coal to renewables
and nuclear sources. Our model demonstrates that without
the active adoption and continuation of environmental
policies by the different levels of government, these
countries cannot attain sustainable lifestyles—approach
8000 kg/person of input requirements.

The model presented here focuses on specific possible
actions and changes of behaviour that households could
take up by using specific entrepreneurs to make the nec-
essary changes. The model has been designed to allow
potential innovations to be ‘tested’ for their effects. It is,
therefore, neither a ‘forecasting” model for the system nor a
‘backcasting” one. It provides information that can
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influence the choice of which innovations are most effec-
tive in increasing sustainability. There is an element of
‘backcasting” when considering to what extent various
innovations may take the household footprint closer to the
8000 kg/individual goal that has been put forward by the
Wuppertal Institute as being ‘sustainable’. It certainly
provides a reasonable measure of the ‘distance’ from sus-
tainability. However, as each country studied will have
different ecological, geographical, climatic, social, eco-
nomic and political factors in play, it would be necessary to
examine each case separately for a more accurate measure.
However, all the countries studied are sufficiently far from
a sustainable situation, even in Spain, that it provides us
with an adequate measure at present.

It recognizes the fact that households are already com-
plex systems of at least four different domains of human
activity. These are living, food, mobility and energy.
Innovations made in any one of them may affect only one
or any or all of the others. This is captured in the model by
the concept of primary and secondary impacts of innova-
tions. The outcomes presented only show the effects of
each innovation separately to make a clear comparison.
Different households would adopt different innovations at
different times: some adopting a single innovation and
others adopting several.

The impacts shown here tell us that the innovations
considered would take us quite a lot nearer to sustainability
than is presently the case. They therefore show us practical
measures that can take us towards a sustainable future, and
which innovations, if adopted, would provide the most
progress. This allows us to guide policy initiatives in the
most advantageous direction for each of the cases studied.
The model here is only the first step in creating a useful
tool with which to explore the impacts of further innova-
tions, or of changing technology in different countries. It
can indicate which innovations are most important under
different climatic and socioeconomic situations. It will also
help us to map a course towards more sustainable lifestyles
and clarify what steps, innovations, policies and actions
will be necessary. It will provide a guide as to where public
policy support will enjoy the greatest return for incentives
affecting specific innovations. We believe therefore that
this paper and the model it describes would help us
advance both the science of sustainability and its applica-
tion in the real world.
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