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H I G H L I G H T S
� A MILP model was created to design a distributed energy resource system for a cluster of buildings.

� The optimal DER system was found to decrease annual costs by 40% and CO2 emissions by 50%.
� Small wind turbines and biomass boilers were found to be the optimal technologies.
� Energy subsidies are vital because they increase the affordability of low carbon technologies.
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a b s t r a c t

In this study a mixed integer linear programming (MILP) model is created for the design (i.e. technology
selection, unit sizing, unit location, and distribution network structure) of a distributed energy system
that meets the electricity and heating demands of a cluster of commercial and residential buildings while
minimising annual investment and operating cost. The model is used to analyse the economic and
environmental impacts of distributed energy systems at the neighbourhood scale in comparison to
conventional centralised energy generation systems. Additionally, the influence of energy subsidies, such
as the UK's Renewable Heat Incentives and Feed in Tariffs, is analysed to determine if they have the
desired effect of increasing the economic competitiveness of renewable energy systems.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In the United Kingdom, the electricity industry accounts for
approximately 30% of the national CO2 emissions (Department of
Energy and Climate Change (DECC), 2010). Due to increasingly
stringent international and national targets for carbon emissions
reductions, numerous strategies have been explored to not only
increase the efficiency of electricity generation but also to increase
the utilisation of renewable energy sources.

One such strategy is a move away from the conventional system
of centralised energy generation and long range energy transmission,
and towards decentralised energy generation through the adop-
tion of distributed energy resource (DER) systems. DERs are small-
medium sized energy generators that are sited within energy
distribution systems, near consumers. They can be made up of a
number of power generation technologies including combined heat
and power (CHP) systems, photovoltaics (PV), and small wind
turbines, as well as energy storage technologies such as lead acid
batteries (Ren and Gao, 2010).
ll rights reserved.
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DER systems provide numerous advantages over centralised gen-
eration. First, by locating generation units closer to the consumer,
transmission and distribution losses are minimised. Second, some DER
technologies (e.g. CHP) can reuse waste energy to generate additional
usable energy streams thus increasing the thermodynamic efficiency
and minimising the primary energy consumption. Additionally, DER
systems allow for the utilisation of local renewable resources (e.g.
indigenous biomass sources), and add a degree of flexibility, resilience,
and control to the way in which energy is provided to the consumer
(Alanne and Saari, 2006; Alarcon-Rodriguez et al., 2010; Ren and Gao,
2010). However this greater flexibility increases the complexity of
energy provision at the district level.

To achieve the maximum benefits of DER systems it is impor-
tant that the design of these systems takes into account the
relative spatial and temporal variations in electricity and heating
demands; ensuring that primary energy consumption is mini-
mised through the optimal positioning of generation units and
integration of generation technologies. Furthermore, it is vital that
the drivers that influence energy planning decisions (i.e. capital
costs, electricity and fuel costs, CO2 emissions, local air quality,
legislative targets, etc.) are explicitly incorporated into the analy-
sis, in order to ensure that optimal designs are pragmatic and
meet all the requirements of the decision makers.
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The field of distributed energy system planning is expansive,
and there is a large body of literature on the design and
optimisation of energy systems. Connolly et al. (2010), Keirstead
et al. (2012a), and Manfren et al. (2011) have carried out compre-
hensive reviews of the model formulations and computer tools
that are used for analysing the integration of renewable energy
into different energy systems. These models can be divided into
four general classes: (1) models that simulate the hourly operation
of energy supply technologies to assess their technical, economic,
and environmental performance; (2) scenario models that analyse
the long-term (20–50 year) impacts of specific energy system
choices under different scenarios; (3) equilibrium models that use
macroeconomic calculations to explain and predict changes in
energy supply, energy demand, and utility pricing, typically at the
national scale; and (4) operational optimisation models that
evaluate how best to integrate and dispatch generation technol-
ogies at the district or building scale (Connolly et al., 2010).

Within operational optimisation modelling there is a trade-off
between the accuracy of the system model, which explains how
the technology performs, and the robustness of the optimisation
solution method (Alarcon-Rodriguez et al., 2010). The modelling of
energy supply systems can be computationally expensive, as there
are many factors that can influence the quantity and quality of the
energy generated. However, highly detailed technology modelling
may not be pragmatic as it limits the strength of the optimisation
models that can be employed to solve the problem. The compro-
mise is to find the point at which model fidelity can be main-
tained, without having to reduce the complexity of the analysis
methods, while also creating a framework that is easily adaptable
to multiple contexts (i.e. different spatial scales, or locations). This
compromise point depends on the objectives of the overall
analysis. In the case presented in this paper, a powerful integrated
optimisation tool is required; therefore the technology models
have been simplified to a level that allows the optimisation to
become tractable. However, additional analyses (e.g. comparison
of modelled wind turbine generation outputs with wind turbine
power curves) are carried out to ensure that the simplified
technology models are representative of technology performance.

Within the set of optimisation models, a mixed integer linear
programming (MILP) approach has been particularly favoured
because it is flexible and robust enough to manage these afore-
mentioned trade-offs. A number of analysis tools have been
developed using the MILP approach, including MODEST, an energy
system optimisation model created by Henning et al. (2006),
MARKAL, which is based on an economic equilibrium framework
and is used for strategic national energy planning in the long term
(Seebregts et al., 2001), DER-CAM, the distributed energy resource
costumer adoption model developed by the Lawrence Berkeley
National Laboratory (Siddiqui et al., 2003), and EnerGIS, a geo-
graphical information system coupled with a MILP model to
design district heating and cooling networks (Girardin et al., 2010).

In addition to these specific analysis tools, there is a great deal
of diversity in the way in which the distributed energy planning
problem has been formulated, even within the mixed integer
linear programming framework. Some studies deal with a single
technology or fuel, and focus on optimising the operation of the
system. For example, Chinese and Meneghetti (2005) developed
optimisation models for the design of biomass-based district
heating networks for an industrial district with an aim to max-
imise the utility company's profit and also to minimise greenhouse
gas emissions. However, the majority of studies deal with a wider
set of technologies and analyse the optimal technology selection
and unit dispatch (Angrisani et al., 2012; Cho et al., 2009; Dicorato
et al., 2008; Hawkes and Leach, 2009; Medrano et al., 2008; Ruan
et al., 2009; Soderman and Petterson, 2006). Dicorato et al. (2008)
created an energy flow optimisation model for the integration of
distributed generation into a regional energy system. The objective
function was the minimisation of the energy production cost, and
the model employed a multi-period linear approach. Angrisani
et al. (2012) analysed the energy, economic, and environmental
performance of micro tri-generation systems. Hawkes and Leach
(2009) increased the complexity further by constructing a unit
dispatch model for a micro grid with the inclusion of electricity
and thermal storage.

While the aforementioned models are mainly focused on
technology selection, more recent work carried out by Keirstead
et al. (2012b), Mehleri et al. (2012, 2013), and Weber and Shah
(2011) also include energy distribution in their models. Thus, in
these cases, the structure of the DER distribution network is
optimised, in addition to technology selection and unit dispatch.
However, the addition of distribution increases the number of
variables in these studies, therefore requiring the models to be
simplified. Whether it is by limiting the number of technologies
that they consider, restricting technology installation to a subset of
locations, analysing entire years based on seasonal design days, or
aggregating the hours of each design day into 5 or 6 periods,
assumptions are made in these past studies in order to maintain
the tractability of the problem.

This paper contributes to these on-going efforts and builds
upon them by introducing the Distributed Energy Network Opti-
misation (DENO) model, which is both an operational optimisation
and scenario model. DENO incorporates the features of the
previous work that has been done in this field by using mixed
integer linear programming to choose the optimal set of energy
generation technologies for a group of consumers at the neigh-
bourhood scale. The model determines the placement of each
technology, the structure of the energy distribution network, and
the amount of energy distributed between buildings during each
time period. As with previous work, seasonal design days are
employed. However, rather than aggregating the hours, DENO
employs a finer time resolution and uses 24 1-h periods to define
each design day. Additionally, a wider set of generation technol-
ogies (including two types of CHP, ground source and air source
heat pumps, wind turbines, solar thermal collectors, PV, and
boilers) and fuels (natural gas and biomass) are allowed in
comparison to previous studies, and there are also no limitations
on the number or locations of technology installation.

One of the benefits of DENO is that it can be used to analyse
trade-offs among different technology and distribution options of
a DER system against their economic and environmental impacts.
DENO can also be used to assess the impact of strategic policies
associated with energy systems, for example conventional cen-
tralized energy generation versus distributed systems, or district
scale energy centres versus building-scale generators. Most impor-
tantly, DENO is grounded within the UK economic and energy
policy context. The model explicitly incorporates legislative targets
(CO2 emissions targets and/or renewable energy generation tar-
gets) into the modelling framework, while also including the
additional revenue that is generated not only from selling elec-
tricity back to the grid, but also through the use of the energy
subsidies that have been put in place by the UK government.
As these energy subsides have been introduced to influence the
decisions that investors make with regards to the investment in
DER technologies, this allows for the analysis of the effectiveness
of these subsidies at improving the environmental impact of
energy generation.

The structure of this paper is as follows. The mathematical
problem is defined in Section 2, and the model formulation,
including the decision variables, objective function, constraints,
and key modelling assumptions, is given in Section 3. In Section 4
the optimisation model is applied to a case study in the South of
England, with the results and discussion of the outputs analysed in



Fig. 1. Nodes indicate points of energy consumption, and potential points of
generation. Arcs indicate potential distribution network links between generation
and consumption nodes. The optimisation aims to identify which of these nodes
are generation nodes, and which of these potential arcs are active, while also
determining the amount of generation at each node and the amount of energy that
is distributed along the active arcs during each time period.
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Section 5. Lastly, Section 6 presents conclusions and outlines
potential directions for future research.
2. Problem definition

Mixed integer linear programming (MILP) is a form of mathe-
matical programming that is used for the optimisation of complex
linear systems. In a MILP model the value of the objective function
is optimised by changing the values of the decision variables,
subject to constraints on the values that the variables can hold.

The distributed energy network optimisation (DENO) model is
a MILP model consisting of nodes that describe sites of energy
generation and/or consumption, and arcs that describe the flow of
energy between the nodes, as shown in Fig. 1.The aim of DENO is
to identify the optimum location of the generation nodes, as well
as the characteristics of each generation node (i.e. type of
technology installed, unit capacity, and hourly generation). To do
so, the model evaluates the energy produced at each node at every
time step against demand at the same node (Fig. 2). Additionally,
the model also identifies the set of active arcs between nodes, as
well as the amount of energy that is distributed along each arc at
each time interval.

Inputs into the model include energy demand data, local
temperature, solar radiation, and wind data, electricity and fuel
tariffs, DER operational and financial data, and UK energy subsidy
tariff structures. The outputs of the model (i.e. the decision
variables) include the number of units purchased, the structure
of the distribution network, the amount of electricity purchased
and sold, and the amount of energy generated and distributed.

DENO is formulated to minimise annual economic cost, which
is the sum of electricity and fuel costs, annual operation and
maintenance costs, and annualised capital and infrastructure costs,
minus any revenue that the system can make through energy
subsidies or the sale of electricity back to the grid. All of these
costs and revenues are functions of the decision variables. How-
ever the values of these decision variables are controlled by
equality and inequality constraints that ensure that the solutions
meet the energy needs of the consumer, are technically and
practically feasible, and are consistent with legislative or environ-
mental targets. By changing the objective function the model can
be adapted to minimise other factors such as annual CO2 emis-
sions. However, in the study present in this paper, cost was
determined to be the more important parameter as it is the key
driver of investment decisions, therefore cost was taken as the
objective function and emissions were controlled through the
addition of a constraint.
3. Mathematical formulation

3.1. Nomenclature
Indices

f Fuel
i Technologies
n Generation node
n′ Demand node
p Period of the day
s Season
u Energy end use

Demand data

Dem Energy demand (kW)

Technology data

Ann Annuity
AnP Annuity of the distribution network pipes
Area Solar panel surface area (m2)
CapC Capital cost (£/kW)
life Technology lifetime (years)
kWp Peak power output (kW)
Max Maximum unit capacity (kW)
MinLoad Minimum load of technology
OF Fixed operation and maintenance cost (£/kW)
OV Variable operation and maintenance cost (£/kW h)
η Generation efficiency
COP Coefficient of performance
λ Heat to power ratio

Market data

EPrice Price of electricity (£/kW h)
ESell Price of electricity sold back to grid (£/kW h)
IR Interest rate for investment (8%)
PCost Price of network connection (£/m)
Price Price of fuel (£/kW h)
Subsidy Renewable energy subsidy (£/kW h)

Environmental data

EF CO2 Emission factor (kg/kW h)
Reduction Emissions reduction target (%)

Other data

cp;H2O Specific heat of water (kJ/(kg � 1C))
Corr COP seasonal correction factor
Dist Distance between nodes (m).
h Buried pipe depth (m)
ki Insulation thermal conductivity (W/(m � 1C))
ks Soil thermal conductivity (W/(m � 1C))
MaxRoof Maximum available roof area (m2)
Net Allowable Network Connections
Ns Days in each season
Orientation Orientation efficiency factor (%)



Fig. 2. Details of energy modelling and technology integration within each node. Excess generation within a node can be distributed to other nodes along active arcs.
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Pp Hours in each time period
Pump Additional pumping electricity demand (kW h)
QLoss Heat loss between nodes (W/m)
Qwaste Heat dumped by CHP unit (kW h)
Qwaste_limit Allowable heat dump by CHP (%)
rc Half distance between pipes (m)
ri Pipe insulation radius (m)
rp Pipe radius (m)
Ri Resistance of soil (m/1C �W)
Rs Resistance of insulation material (m/1C �W)
Solar Solar Irradiation (kW)
T0 Undisturbed soil temperature (1C)
Tr Return temperature for heat network
Ts Supply temperature for heat network
V Wind speed (m/s)

Decision variables

Integer
L Distribution network connections
O Units operating
U Units purchased

Continuous

D Energy distributed (kW h)
EP Electricity purchased (kW h)
ES Electricity sold (kW h)
G Energy generation (kW h)
_M Mass flow rate in heat distribution network (kg/s)
3.2. Decision variables

The decision variables in a MILP model include both integer
and continuous variables. The integer variables in the DENO model
are the number of units of technology i purchased at node n (Un,i),
the number of units of technology i operating at node n during
period p of season s (Op,s,n,i,), and the active/inactive status of the
distribution arc between nodes n and n′ for each energy end use u
(Ln,n′,u,). The continuous variables in the model are the amount of
end use energy u generated by technology i at node n during
period p of season s (Gp,s,n,i,u,), the quantity of end use energy u
distributed from node n to node n′ during period p of season
s (Dp,s,n,n′,u,), the mass flow rate of water in district heat network
from node n to node n′ during period p of season s (Mp,s,n,n′),
and the electricity that each node n purchases and sells during
period p of season s (EPp,s,n and ESp,s,n).
3.3. Objective function

The objective of the model is to minimise the annual cost of
supplying energy to consumers through the distribution of the
energy generated by the DER system or electricity that is pur-
chased from the national grid. This annual economic cost, given in
Eq. (1), is the sum of the electricity and fuel costs (Celec and Cfuel),
operational and maintenance costs (Com), amortised technological
capital and installation costs (Ccapital), and amortised network cost
(Cnetwork), minus any revenue that the distributed energy system
generates from the sale of electricity back to the grid or from
energy subsidies (Csell and Csubs).

min Cfuel þ Celec þ Com þ Ccapital þ Cnetwork−Csell−Csubs ð1Þ

The annual fuel cost for the DER system is expressed as the
annual energy generation of each purchased technology divided
by the technology's efficiency, multiplied by the price of the
appropriate fuel (natural gas or biomass).

Cfuel ¼∑
n
∑
s
∑
p
∑
i
∑
u

Ns � Pricef � Gp;s;n;i;u

ηi
ð2Þ

The electricity cost is given by the sum of the amount of
electricity purchased during each time period, multiplied by the
electricity tariff.

Celec ¼∑
n
∑
s
∑
p
Ns � EPricep � EPp;s;n ð3Þ

The annual operation and maintenance cost is made up of a
fixed cost, which is a function of the capacity of the unit, and a
variable cost, which is a function of the annual generation of the
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unit.

Com ¼∑
n
∑
i

OF
i �MaxCapi � Un;i þ ∑

s
∑
p
Ns � OV

i � Gp;s;n;i;u

 !
ð4Þ

The capital cost is determined by multiplying the number of
units of a technology that are purchased by the capacity of the
technology and the unit cost of the technology, then amortising
the cost over the entire lifetime of the technology.

Ccapital ¼∑
n
∑
i
MaxCapi � Un;i � CapC i � Anni ð5Þ

Anni ¼
IR

1 −
1

ð1þ IRÞlif ei
ð6Þ

The network cost expresses the cost of constructing the optimal
heating and electricity distribution networks. This cost is calcu-
lated by multiplying the active arcs, which are determined during
the optimisation, by the distance between the connected buildings
and the unit cost of the network pipe or wiring. The cost is then
amortised over the lifetime of the network components.

Cnetwork ¼∑
u
∑
n
∑
n′
Distn;n′ � Ln:n′;u � PCostu � AnPu ð7Þ

Any excess electricity that is generated by the DER system can
be sold back to the grid, and the revenue generated by this is given
by Eq. (8).

Csell ¼∑
n
∑
s
∑
p
Ns � ESell� ESp;s;n ð8Þ

Finally, there are numerous energy subsidies that have been
put in place to incentivise investment in low carbon energy
technologies. In the UK, the Feed-in-Tariff for electricity generation
and the Renewable Heat Incentive for heat generation are the two
most relevant. Therefore the energy generated by eligible tech-
nologies can be multiplied by the appropriate subsidy to calculate
the additional revenue stream.

Csub ¼∑
p
∑
s
∑
n
∑
i
∑
u
Ns � Subsidyi;u � Gp;s;n;i;u ð9Þ

3.4. Constraints

3.4.1. Technology availability and performance
The first constraint ensures that all the units that are operating

at any given time period are from the set of purchased technol-
ogies.

Op;s;n;i ≤Un;i ∀ p; s;n; i ð10Þ
The next set of constraints control how much energy each unit

can generate at each time period. For all technologies, other than
solar thermal, PV, and wind turbines, the hourly energy generation
of each unit must be between the unit's maximum and minimum
capacities. The maximum capacity of each unit is determined by
the number of units of a given technology that are operational
during each hour and the rated power of each of these units;
while, the minimum capacity is determined by the minimum
allowable part load operation of each unit.

Op;s;n;i �MaxCapi �MinLoadi ≤Gp;s;n;i;u≤Op;s;n;i �MaxCapi

∀ p; s;n; i;u ð11Þ
For solar technologies, the amount of energy generated

depends on the amount of solar energy available in the given time
period, as well as the surface area of the solar panels, their
orientation, and their modular efficiencies. The maximum output
of the solar panels is capped at the peak power output (kWp), and
the maximum panel area is limited to the amount of user-specified
roof space at each node (MaxRoofn).

Gp;s;n;i;u≤Op;s;n;i � Areai � Solarp;s
�Orientationn � ηi � ηtemp � ηcabling � ηinverter

∀ p; s;n; i∈fST ; PVg;u ð12Þ

Gp;s;n;i;u≤Op;s;n;i � kWpi � Areai ∀ p; s;n; i∈fST ; PVg;u ð13Þ

Un;i � Areai≤MaxRoof n ∀ n; i∈fST ; PVg ð14Þ
For wind turbines, the generation is dependent on the local

wind speed (Vp,s) and the power curve of the wind turbine (Ren
and Gao, 2010). If the wind speed is below the cut in speed (Vi

CI) of
the turbine or above the turbine cut out speed (Vi

CO), then the
electricity generation is zero.

Gp;s;n;i;u ¼ 0 ∀p; s;n; i∈fWTg;u∈felecg; Vp;soVCI
i ∪Vp;s4VCO

i ð15Þ
If the local wind speed is between the turbine cut in speed and

rated speed (Vi
R), then the electricity generated is proportional to

the relative difference between the local wind speed and the rated
turbine wind speed, and the turbine cut in speed, raised to some
power β. β is specific to each turbine, and is empirically deter-
mined from the turbine's power curve.

Gp;s;n;i;u ¼MaxCapi �
Vp;s−VCI

i

VR
i −V

CI
i

 !β

∀p; s;n; i∈fWTg;u∈felecg; VCI
i ≤Vp;s≤VR

i

ð16Þ
If the local wind speed is between the turbine's rated wind

speed and the turbine's cut out speed, then the electricity
generated is equal to the rated power of the turbine.

Gp;s;n;i;u ¼MaxCapi ∀p; s;n; i∈fWTg;u∈felecg; Vp;s4VR
i ð17Þ

3.4.2. Energy balance
The following constraints are for balancing the supply and

demand of energy at the point of consumption. First, the electricity
demand at every node, including any additional loads from DER
technologies that consume electricity (e.g. heat pumps), must be
satisfied by electricity that is generated by that node, distributed
from other nodes, or purchased from the national grid.

∑
n
Dp;s;n;n′;u þ EPp;s;n′≥Demp;s;u;n′ þ ∑

i∈fASHP; GSHPg

Gp;s;n′;i;u
COPi�Corrs

þ ∑
i∈fSTg

Gp;s;n′;i;u � PumpST ∀p; s;n′;ufelecg ð18Þ

Similarly, the heating demand at every node must be satisfied by
energy that is generated internally or distributed from other nodes.

∑
n
Dp;s;n;n′;u≥Demp;s;u;n′ ∀p; s;n′;ufheatg ð19Þ

Heat generation from CHP units is in the form of heat recovered
from the generation of electricity by the CHP. Therefore, the heat
recovered from CHP units, plus any heat that is dumped, must
equal the electricity generation of the unit multiplied by the unit's
heat to power ratio (λi).

Gp;s;n;i;u∈fheatg þ Qwastep;s;n;i ¼ λi � Gp;s;n;i;u∈felecg ∀p; s;n; i∈fRE;GTg
ð20Þ

While the model relies on the average electricity and heating
demands in each season to optimise technology selection, annual
peak demands are also employed to ensure that there is enough
generation capacity on-site to meet these rare peaks in demand.

3.4.3. Energy distribution
There are a number of constraints that manage the way in

which energy is distributed between nodes. One of the key
constraints stops nodes from distributing energy to other nodes
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without first meeting their own energy demand. Eq. (21) implies
that if the distribution from a node to itself is less than the energy
demand at that node, then the node cannot distribute energy to
any other node.

Dp;s;n′;n′;uo Demp;s;u;n′-∑
n
Dp;s;n;n′;u− Dp;s;n′;n′;u ¼ 0 ∀p; s;n′;u ð21Þ

Additionally, the electricity that is distributed from a node to all
connected nodes during every time interval must equal to the
amount of electricity that is generated at that node.

∑
n′
Dp;s;n;n′;u ¼∑

i
Gp;s;n;i;u ∀p; s;n;u∈felecg ð22Þ

Similarly, in the case of the heat distribution network, the heat
generated by all technologies at a node must equal the amount of
energy that is contained in the water leaving the node.

∑
n0

_Mp;s;n;n′ � cpH2O � ðTs−TrÞ ¼∑
i
Gp;s;n;i;u ∀p; s;n;u heat

� � ð23Þ

Moreover, the energy stored in the water that is distributed
from node n to node n′ must be equal to the energy received by
node n' plus the heat lost during distribution. Calculations of the
heat loss are provided in the Appendix.

Dp;s;n;n′;u þ Ln;n′;u � Distn;n′ � pp � QLoss n;n′ ¼ _Mp;s;n;n′ � cpH2O � ðTs−TrÞ
ð24Þ

3.4.4. Distribution network structure
There are also a number of constraints that control the struc-

ture of the distribution network. First, nodes can only be con-
nected if they are part of the pre-determined set of allowable
connections (Netn,n′,u) which is a binary matrix. For a fully flexible
distribution problem, all the values in this matrix can be set to 1.
This would allow all nodes to distribute energy to each other, as
long as all other constraints are satisfied. Alternatively, certain
entries in this matrix can be set to 0 in order to limit the number of
locations where DER installation is allowed.

Ln;n′;u≤Netn;n′;u ∀n;n′;u ð25Þ

3.4.5. Sale of electricity back to grid
Due to the relative magnitude of the electricity and heat

demands, as well as part load restriction on certain DER technol-
ogies (e.g. CHP), excess electricity may have to be generated in
order for heat demands to be met. This excess electricity can be
sold back to the grid in order to generate an additional revenue
stream. However the way in which electricity is sold back to the
grid must be controlled in order to ensure that nodes only sell
back excess electricity; thus precluding nodes from selling elec-
tricity for profit at the same time as they are buying electricity or
receiving electricity from other nodes (Eq. 26).

Dp;s;n′;n′;uo Demp;s;u;n′-ESp;s;n′ ¼ 0 ∀p; s;n;ufelecg ð26Þ

When electricity can be sold back to the gird, the amount of
electricity sold by a node is given in Eq. (27). This equation states
that when electricity distribution to a node, including from itself,
is greater than the electricity demand at the node, and the
electricity purchased is zero, the electricity sold back to the grid
is greater than zero. However, if electricity demand is greater than
the electricity distributed, the electricity sold must be zero, and
thus the electricity purchased is greater than zero.

ESp;s;n≤EPp;s;n þ∑
n0
Dp;s;n;n′;u−Demp;s;u;n′ ∀p; s;n;ufelecg ð27Þ
3.4.6. Environmental Targets
Target levels of emission reductions can also be set in order to

find the cheapest DER system that falls within certain environ-
mental or legislative targets.
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In Eq. (28) the reference case used to compute the emissions

reduction percentage is the conventional central generation sys-
tem in which electricity is purchased from the national grid and
heat is generated locally by condensing natural gas boilers. The
CO2 emissions from this case are multiplied by the target emis-
sions reduction, and used as an upper bound for the total annual
CO2 emissions that are calculated for the DER system.

3.5. Solution algorithm

The MILP model is solved using the IBM ILOG CPLEX Optimisa-
tion Studio which is an optimisation software program that uses
the CPLEX solver. CPLEX, one of the most powerful linear solvers
available, employs a branch and cut algorithm to solve the MILP,
and is capable of efficiently solving problems that contain millions
of variables and constraints (IBM, 2012). The DENO model includes
around 70,000 variables and 70,000 constraints, and can be solved
in less than 75 s with an optimality gap of 0.35%. Using CPLEX to
solve the DENO model is especially useful because the solver can
take advantage of the problem's structure and use specialized
network algorithms to speed up the optimisation.

3.6. Assumptions

As mentioned earlier, in operational optimisation there is often a
trade-off between the fidelity of the model and the robustness of the
solution method. The optimisation model that is developed in this
study is a high level design model that aims to both analyse the
impact of integrating various technologies into an energy system and
create an efficient distribution network, therefore it is essential that
the problem remain linear. To do so the following assumptions and
simplifications are required:
▪
 All data (i.e. demands, fuel costs, electricity costs, technology
efficiencies) is known with certainty
▪
 The influence of part load operation is not considered. Instead a
minimum load on combustion technologies is set to ensure that
operation cannot occurs at a part load that leads to significant
efficiency reductions
▪
 The influence of ambient temperature on heat pump efficiency
is determined through use of seasonal COPs (which are a
combination of the average unit COP multiplied by a seasonal
correction factor). These correction factors are a function of
temperature, and are calculated from empirical data on the
impact of temperature on heat pump COP (Baster, 2011; Brown
et al., 2011).

These assumptions are widely used in the literature (Mehleri,
et al, 2012, Mehleri, et al, 2013, Ren and Gao, 2010; Weber and
Shah, 2011) in order to preserve the linearity and tractability of
complex mixed integer problems. While there are some draw-
backs to using a linear model, particularly in that the linear
simplifications reduce the accuracy of the technology and network
models, and preclude the use of a probabilistic approach to
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analysing uncertain variables, e.g. fuel costs or energy demands. As
mentioned earlier, there is always a compromise between model-
ling accuracy and optimisation power. It is therefore important to
find the ideal balance between applying a small number of linear
Fig. 3. Geographic layout of 6 buildings on the case study site including (1) Cafe, (2)
Office, (3) Exhibition space, (4) Workshops/Residences, (5) Workshops/Residences,
and (6) Community centre/Residences.

Fig. 4. Hourly (a) electricity and (b) heating demands
approximations, while ensuring that the linear approximations
that are made result in models that are still representative of the
more complex, non-linear systems.
4. Case study

The DENO model was applied to a mixed used development in
the South of England. The development (shown in Fig. 3) consists
of six buildings including an office space, an exhibition space, a
cafe, a community centre, two workshop spaces, and a number of
residential units.

4.1. Energy demands

DENO requires hourly energy demand profiles for each building as
input. For this study, these profiles are generated by using CIBSE TM46
and ECON19 benchmark energy consumption values and applying
them to normalised energy demand profiles for each building type.
One typical day, consisting of the electricity and heating demand (kW)
for each hour was thus generated for each season.

Fig. 4a shows the winter electricity demand profiles broken
down by building. It is clear that while all the buildings follow a
of a typical winter day, broken down by building.



Fig. 5. Summary of annual electricity (a) and heating (b) demands for all buildings. The café, exhibition space, and community centre have the highest energy demands, and
thus it is likely that any energy generation units will be sited at one of these nodes.
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similar diurnal profile in which the peak demand occurs at mid-
day, the buildings that contain residential units also show an
additional peak in the evening. When analysing the corresponding
breakdown of the heating demand (Fig. 4b), distinct diurnal
profiles are also visible depending on the use patterns of the
building. The cafe, for example, has a relatively steady heat
demand while it is open from 10 am to 5 pm. Whereas, the
heating demand for the building that houses the community
centre and the residential units peaks in the morning and then
again later in the evening, while keeping a relatively steady
demand during the day when the community centre is open.

When comparing the annual electricity and heating demands
from the individual buildings (Fig. 5) it is clear that three buildings
namely the cafe, exhibition space, and community centre dom-
inate the energy requirements, which is likely to influence the
placement of the energy generation technologies.

Fig. 5 also shows that while the electricity demand in all buildings
is relatively constant throughout the seasons, the heat demand varies
considerably from season to season; with peak heating demand
typically occurring in the winter, and minimum heating demand
occurring in the summer. The heating demand in each season,
segmented by building, is shown in Fig. 6. The relatively stable
seasonal electricity demand, coupled with the large variation in
heating demand from winter to summer is significant because it
may impact the economic performance of certain technologies, most
notably CHP systems. For example, in this situation, a CHP unit, which
may be able to run economically in the winter, could be inefficient in
the summer when the heat demand is considerably lower.

4.2. Electricity and fuel tariffs

Typical UK electricity and fuel tariff rates are employed in
this analysis. The price of electricity bought from the grid (Eprice)
is 0.11£/kW h, while natural gas (Pricegas) and biomass price
(Pricebiomass) are 0.038£/kW h and 0.03£/kW h, respectively. The
electricity sell back price (Esell) is taken to be 0.032£/kW h which
is in line with the value set by the Feed in Tariff (Department of Energy
and Climate Change (DECC), 2011; Energy Savings Trust, 2012).

4.3. Energy Subsidies

The UK RHI for the non-domestic sector was introduced in 2011
to increase the uptake of renewable heat technologies, from supply-
ing only 1.5% of heat demand in 2011 to 12% of the UK heat demand
by 2020 (Department of Energy and Climate Change (DECC), 2012b;
RHI, 2012). RHI for the domestic sector will be introduced in 2013.



Table 1
Summary of DER technology set.
Sources: Buro Happold (2012), Energy Savings Trust (2012), Mehleri, 2012, NERA (2009), POYRY (2009), Weber and Shah (2011).

Technology Capacity
(kW)

Efficiency/COP Capital Cost
(£/kW)

Lifetime
(years)

Heat to power ratio

Natural gas boiler 10 94% 60 30 NA
50 94% 65 30 NA

Biomass boiler 10 87% 615 15 NA
50 87% 400 15 NA

Gas turbine 10 23% 1782 20 2
50 23% 1782 20 2

Reciprocating engine 10 28% 864 15 1.9
50 28% 864 15 1.9

Air source heat pump 10 3.5 545 20 NA
100 4.0 610 20 NA

Ground source heat pump 10 3.6 1420 20 NA
100 3.6 1410 20 NA

Wind turbine 10 11% 3000 25 NA
80 11% 3000 25 NA

Photovoltaic 20 14% 600 25 NA
Solar thermal 76 46% 1600 25 NA

Fig. 6. Seasonal variation in heat demand for each building.
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The FIT introduced in 2010, is the electricity equivalent of the RHI
and was introduced in order to drive the market uptake of renewable
power generation technologies (e.g. wind turbine, PV, micro-CHP,
hydroelectric, and anaerobic digestion) (Department of Energy and
Climate Change (DECC), 2012a; FIT, 2012).

Since 2010, over 285,000 installations (with a combined
capacity of 1241 MW) have been registered under the FIT. 98.7%
of these installations are PV, 1% are wind turbines, with micro-CHP,
hydroelectric, and anaerobic digestion making up the remaining
share (OFGEM, 2012). Periodic reviews of both subsidies are
carried out every few years to determine the impact that they
are having on technology adoption and to adjust the tariff rates
and structures accordingly. A 2012 review of the FIT resulted in the
reduction in PV and wind tariffs, and an increase in micro-CHP
tariffs (Department of Energy and Climate Change (DECC), 2012a).

Of the technologies that are included in this study, the
RHI subsidies heat generation from biomass boilers (0.079 p/
kW h, 0.049 p/kW h, and 0.02 p/kW h), solar thermal collectors
(0.085 p/kW h), and ground source heat pumps (0.045 p/kW h and
0.032 p/kW h), while the Feed in Tariff subsidises electricity
generation from wind turbines (0.254 p/kW h) and photovoltaics
(0.145 p/kW h) (FIT, 2012; RHI, 2012).
4.4. DER technology options

The set of technologies considered in this case study, and their
performance characteristics, is summarised in Table 1.

4.5. Scenarios and cases

An analysis of factors that influence the adoption of DER
technologies is carried out by using the DENO model to explore
three different themes, (a) electrification versus cogeneration,
(b) degree of decentralisation, and (c) impact of distributed gene-
ration. Within each theme, specific questions are asked and
multiple scenarios are constructed so that the resulting economic
and environmental outputs of the model can be used to under-
stand the impacts and drivers of the optimum DER configuration.
4.5.1. Electrification vs. cogeneration
The main question addressed here is: what is the impact of not

burning any fuel on site? In particular what are the trade-offs
between installing local combined heat and power plants versus
investing solely in electrified heating?
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CHP and electrified heating are two options for reducing the
environmental impact of energy systems. While CHP improves
thermodynamic efficiency by recovering waste heat, thus reducing
primary energy consumption and the resulting emissions, the
environmental benefits of electrified heating depend heavily on
the carbon intensity of the national energy system from which
the electricity is purchased. If the electricity is purchased in a
country that has a national energy system that relies heavily on
renewables or nuclear power, then grid-powered heat pumps,
which have COPs in the order of 2–3, can supply heat that has a
significantly lower CO2 emissions impact than CHP. However, if the
national electricity is primarily generated from coal and natural gas
(as is the case in the UK), then local CHP systems can potentially
supply heat that has a similar or lower carbon intensity. CHP
systems can also have prohibitively high capital and installation
costs, while heat pumps are generally cheaper and take less time
and space to install. Furthermore, the economic and environmental
trade-offs between these two technology options are also biased
by government incentives, taxes, and subsidies. For example, the UK
government offers financial subsidies for biomass CHP, solar ther-
mal, and GSHP through the RHI and for PV and wind turbines
through FIT. Finally, the merits of electrification versus cogeneration
will be highly dependent on the characteristics of the site. For
example, a site that has an electricity demand that is consistently
higher than the heat demand or one that has a highly intermittent
heat demand may be more suited to electrification; while an area
that has a steady heat demand that is greater than the electricity
demand is likely to be more suited to cogeneration. To address this
trade-off two scenarios are modelled.
�
 Only CHP: a DER system that can only contain combined heat
and power technologies, with generation at any building and
distribution permitted between buildings.
�
 Electrification: a DER system that can only contain non-
combustion technologies (i.e. heat pumps, PV, solar thermal,
and wind turbines), with generation at any building and distri-
bution permitted between buildings.
4.5.2. Degree of decentralisation
The second question asked is: what is the optimal degree of

decentralisation for a distributed energy system? Is it always at the
district scale, or can further energy efficiency improvements be
achieved by decentralising down to the building level?

The spatial scale of distributed energy generation has no specific
definition therefore it is important to explore the degree to which
decentralisation can occur, as well as the impacts of energy genera-
tion at different spatial scales. Heat generation at the building level
already occurs today with the installation of boilers, electrified
heaters, ASHP, etc. in individual properties. However, is it economic-
ally and technically feasible to move towards cogeneration at such a
decentralised scale? Should distributed generation stop at the district
scale where economies of scale can still be found, thus making it
more affordable and centrally controlled, even if additional network
infrastructure costs ensue? Or, is the ideal level of decentralisation a
mixture of building and district level generation, thus making the
structure of the distribution network the key deciding factor in the
economic viability and environmental benefits of DER systems. To
explore these issues three scenarios were modelled.
�
 Building: a building scale DER system with any technology, but
no distribution between buildings is allowed.
�
 District: a district scale DER system with any technology,
where generation is limited to a single location (i.e. a district
plant).
�
 Building/district: a DER systemwith any technology and gene-
ration at any building with distribution permitted between
buildings.
4.5.3. Impact of distributed generation
Finally, the overarching question about the benefits of distrib-

uted energy is examined: what is the impact of distributed
generation in comparison to centralised generation? Regardless
of the technologies that are installed or the degree of energy
decentralisation, it is important to analyse if DER systems do
provide a more cost effective method for providing energy to
consumers while minimising the impact on the environment. To
do so, the results of all the aforementioned scenarios are com-
pared to a reference scenario.
�
 Baseline: Conventional energy generation, with electricity
purchased from the national grid and heat generated by natural
gas boilers at each building.
5. Results and discussion

5.1. Electrification v cogeneration

Figs. 7 and 8 show the time series electricity and heat genera-
tion outputs for the Only CHP and Electrification scenarios for a
typical winter day. In the Only CHP scenario, CHP is the only
technology that can be installed, so the heat demand is met
entirely by the heat that is recovered by the CHPs, while the
electricity demand is met by the CHP units and electricity that is
purchased from the national grid. In this scenario a 60 kW
reciprocating engine CHP is installed at building 6 to supply
electricity and heat to itself, while a 180 kW reciprocating engine
CHP is installed at building 3 to meet the heat demands of the rest
of the buildings. Fig. 5a showed that the café and exhibition space
had significantly higher electricity demands than all the other
buildings on the site, therefore the CHP that is installed at
exhibition space is used to supply electricity to both of these
buildings, while the office and workshop/residential buildings,
which have relatively low electricity demands, are required to
purchase electricity from the national grid.

Furthermore, in the winter, 74% of the electricity on the site is
supplied by the CHP units, with the remaining 26% supplied by the
national grid. However, in the summer, when the heat demand in all
the buildings decreases, the CHPs, which are heat-lead, only supply
46% of the electricity, and the national grid has to meet the remaining
54% of the energy demand. This large seasonal variation results in the
overall underutilisation of the CHP units that are installed on the site,
leading to relatively poor economic performance.

In the electrification scenario only non-combustion technolo-
gies (wind turbines, heat pumps, PV, and solar thermal collectors)
can be installed on the site. Fig. 8 shows that in the optimal
solution ground and air source heat pumps are installed to meet
the heat demand, and a wind turbine is installed to meet the
electricity demand. Electricity is purchased from the grid to meet
any excess electricity demand that cannot be met the by the
turbine. Since the heat pumps run on electricity, their installation
increases the demand for electricity beyond the amount that is
required to meet the power demand of the building (as shown by
the dotted line). In this scenario, because the generation of heat
and electricity is decoupled and low-temperature heat-pump
driven district heating networks are relatively inefficient, each
building is required to install its own heat pump system, and there
is no distribution of heat between buildings.



Fig. 7. Time series electricity and heating generation outputs for Only CHP scenario.
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A comparison of the annual costs of the Only CHP and Electrifica-
tion scenarios, presented in Fig. 9 and Table 2, shows that for this
particular site, the installation of combined heat and power units is
less favourable than electrification. While the electrification scenario
has a higher capital cost and electricity cost, the lack of a distribution
network and the higher efficiencies of the technologies, result in an
overall annual cost that is lower than that of the Only CHP scenario.
Furthermore, due to the installation of a wind turbine and GSHP
there is additional revenue from the FIT and RHI, which makes the
system even more affordable. Additionally, the higher technology
efficiencies lead to lower fuel and electricity consumption, which
results in a 31% reduction in CO2 emissions for the Electrification
scenario when compared to the CHP Only scenario. Finally, during
periods of low electricity demand and high heat demand, electricity
generated by the wind turbine can be used to run the heat pumps,
which further improves the environmental performance on the
Electrification scenario.

5.2. Degree of decentralisation

A comparison of the outputs of building, district, and building/
district scenarios, as shown in Table 2 and Fig. 10, highlights an
important result. While the building and district scenarios have
specific distribution networks imposed on them (i.e. no
distribution network (building) or a single district plant with
distribution to all buildings (district)), the building/district sce-
nario has a free distribution network, which is optimised to
further improve the economic performance of the district's overall
energy system. However, it should be noted that the imposed
network structures of the building and district scenarios are also
part of the set of possible networks in the building/district
scenario, and it is possible that one of these fixed network
structures could be selected as the optimal network, even when
all other structures are included in the analysis. This is ultimately
the outcome, and a comparison of the outputs of three scenarios
indicates that for a development of this size and energy demand
characteristics, building scale generation is economically optimal,
even when all other possible network structures are considered.

This result is strongly driven by the high investment cost of
distribution network infrastructure. Since a district heating net-
work system costs around £750–£1000 per meter of pipe (Buro
Happold, 2012; Keirstead, et al. 2012b) and a low voltage elec-
tricity distribution system costs around £98 per meter of wire
(Strabac et al., 2012), distributing energy between buildings is not
economically favourable for this site. These results are influenced
by the relatively small size of the site's energy loads, because the
economies of scale that can come from larger generation units are
not apparent in this situation. In this particular case, the district



Fig. 8. Time series electricity and heating generation outputs for Electrification scenario.

Fig. 9. Comparison of cost breakdown for Only CHP and Electrification scenarios.
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Table 2
Summary of optimisation results.

Scenario Total installed capacity Objective function Annual CO2 emissions (tonnes) NPV

Baseline NGB: 690 kW £49,000 182 0
Only CHP RE: 240 kW £91,000 170 -£404,000
Electrification WT: 60 kW GSHP: 50 kW ASHP: 580 kW £54,000 116 -£79,000
Building WT: 60 kW BB: 150 kW NGB: 480 kW £29,000 91 £175,000
District WT: 80 kW BB: 50 kW NGB: 540 kW £48,000 91 -£42,000
Building/district WT: 60 kW BB: 150 kW NGB: 480 kW £29,000 91 £175,000

Fig. 10. Breakdown of the annual economic cost for building, district, and building/district scenarios.
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heat network costs around £200,000, which is on the same order
of magnitude as the total DER technology capital costs, resulting in
large negative NPV over 20 years for the district scenario.

In order to understand the relative performance of the
optimal systems in the building (and building/district) and
district scenarios, it is again possible to compare the time series
electricity and heat generation output for a typical winter day.
Fig. 11 depicts the generation outputs for the three most energy
intensive buildings (i.e. the café, exhibition space, and commu-
nity centre/residential buildings) in the building and building/
district scenarios. While Fig. 12 depicts the time series output for
a typical winter day for the district plant in the district scenario.
In all three scenarios electricity is generated by small wind
turbines, and heat is supplied by biomass and natural gas boilers.
The overall technology capacities installed in each scenario is
summarised in Table 2.

A comparison of Figs. 11 and 12 show that the installation
of building scale units minimises the excess heat that must be
generated in order to compensate for the distribution network
heat loss; furthermore, all the heat supplied to the café and
community centre/residential, which are the two most heat
intensive buildings on the site, comes from biomass boilers.

5.3. Impact of distributed generation

An evaluation of the outputs of all the modelled scenarios
summarised in Table 2 shows that for this particular site the
optimal energy system design is the installation of 60 kW of wind
turbines, 150 kW of biomass boilers, and 480 kW of natural gas
boilers. This corresponds to the building (and building/district)
scenario and results in a positive NPV value, while providing a
50% reduction in CO2 emission in comparison to the baseline
case.
The breakdown of the individual objective function components
is shown in Fig. 13, and it highlights why the building scenario
leads to the cheapest outcome. When compared to all the other
scenarios, the building scenario has one of the lowest annual
costs, only second to the baseline scenario. However, it also has
additional revenue streams from the RHI, due to the installation
of a biomass boiler, and the FIT, due to the installation of a wind
turbine. It is also interesting to note that in comparison to these
two revenue streams, the revenue that is generated from selling
electricity back to the grid is almost negligible. Therefore any
analysis of the economic viability of DER system is incomplete if
it does not include the revenue from energy subsidies as they
play a large role in the financial viability of these systems.

5.4. Influence of energy subsidies

Energy subsidies play a large role in technology selection as
they drive the decision makers towards DER technologies that can
generate the greatest amount of additional revenue. It is possible
to quantify the impact that these subsidies have on DER adoption
by re-optimising the 6 scenarios without the subsidy revenue.
Table 3 summarises the technology selection outputs for these
non-subsidy scenarios and Fig. 14 shows a side-by-side compar-
ison of the annual cost breakdowns.

The lack of energy subsidies makes the electrification case
significantly less affordable because there is no longer the
mechanism for recovering the high capital cost of wind turbines.
In fact, because there are no subsidies, the electrification scenario
becomes one of the most expensive, even though it leads to the
highest reduction in CO2 emissions.

Another impact of removing energy subsidies is that in the
building, district, and building/district scenarios the cheaper
natural gas boilers are preferred to biomass boilers, resulting in



Fig. 11. Time series output on a typical winter day for building and building/district scenario for the three most energy intensive buildings.
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higher CO2 emissions when compared to the optimisation that
included subsidies. Fig. 15 shows the comparison of annual CO2

emissions for all 12 scenarios that were analysed.
The comparison of the subsidy and no-subsidy optimisation

results highlights the fact that the RHI tends to favour biomass
technologies. This is likely because they are not as expensive as
solar thermal collectors or ground source heat pumps, therefore
they are the easiest option for gaining additional revenue without
having a significantly large upfront capital cost. However, the
downside of this push towards biomass technologies is that there
are potential air quality implication of putting biomass boilers
closer to consumers as biomass combustion releases more NOx,
PM, and SO2 than natural gas combustion. This means that while
the current energy subsidy tariff structure is potentially beneficial
from a CO2 standpoint, it may not be entirely environmentally
beneficial due to the potential for the degradation of local air
quality.

In Table 4, the subsidy pay-out for each scenario is compared to
the social cost of the resulting increases in CO2 emissions for the
optimisation without subsidies. The social cost is calculated by
multiplying the annual CO2 emissions increase by the short term
non-traded price of carbon in the UK, £0.06=kgCO2

(Department of
Energy and Climate Change (DECC), 2009). The results show that
the subsidies cost an order of magnitude more than the social cost
of the increase in CO2 emissions. This may mean that the subsidies
are over-incentivising renewable energy generation in order to
increase their market penetration so that 2020 and 2050 emis-
sions targets can be met.



Fig. 12. Time series output on a typical winters day for district scenario.

Fig. 13. Breakdown of the different objective function components for all the scenarios.
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6. Conclusions

Through the use of the Distributed Energy Network Optimisation
(DENO) model it is possible to analyse the economic and environ-
mental impact of distributed energy resource (DER) systems. The
application of the model on a case study in the South of England
Table 3
Summary of optimisation results with subsidies removed.

Scenario Installed capacity
(without subsidies)

Installed capacity
(with subsidies)

Baseline NGB: 690 kW NGB: 690 kW
Only CHP RE: 240 kW RE: 240 kW
Electrification ASHP: 450 kW PV:

192 m2
WT: 60 kW GSHP:
50 kW ASHP: 580 kW

Building RE: 20 kW NGB:
630 kW

WT: 60 kW BB: 150 kW NGB:
480 kW

District RE: 20 kW NGB:
610 kW

WT: 80 kW BB: 50 kW NGB:
530 kW

Building/
district

RE: 20 kW NGB:
630 kW

WT: 60 kW BB: 150 kW NGB:
480 kW

Fig. 14. Comparison of annual cost breakdown with (left) and witho

Fig. 15. Comparison of annual CO2 emissions outputs for
allowed for the analysis of several issues pertaining to the implemen-
tation of DER systems. First, by analysing several optimal DER systems
in comparison to a reference centralised generation scenario, it was
shown that while DER systems have higher capital costs, they can lead
to systems with higher NPVs due to the revenue generated from
energy subsidies. Furthermore, when optimally designed, these sys-
tems can lead to a reduction in annual CO2 emissions through a more
efficient use of primary energy. When comparing the installation of
ut (right) Feed in Tariff and Renewable Heat Incentive subsidies.

subsidy and no-subsidy analyses for all 6 scenarios.

Table 4
Comparison of subsidy pay-out and social cost of increased CO2 emissions.

Scenario Subsidy
pay-out

Increase in emissions
(tonnes)

Social cost of increased
emissions

Baseline 0 0 0
Only CHP 0 0 0
Electrification £28,000 34 £2040
Building £31,000 83 £4980
District £31,000 80 £4800
Building/
district

£31,000 83 £4980
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combined heat and power (CHP) systems versus the electrification of
heat, CHP was not found to be appropriate to the development in this
study, whereas the environmental benefits of electrified heating are
heavily dependent on the carbon intensity of the national grid. Finally,
the optimal degree of decentralisation is highly dependent on the
characteristics of the site. Due to the small size and energy loads of the
test site, district scale networks were sub-optimal whereas building
level DER technologies were ideal. From the results of all three of these
analyses one overriding outcome is clear. The installation of DER
systems is heavily dependent on the economic-regulatory context and
the requirements of buildings. This is not a “one-size-fits-all” problem;
therefore any approach that is used to assess these issues should be
flexible and adaptable enough to incorporate the needs of the specific
sites and decision makers, which is way integrated assessment
models, like DENO, are particularly powerful. Future work should be
carried out to explicitly link MILP energy planning models, such as
DENO, with local scale dispersion air quality models, in order to create
an analysis framework that balances the climate benefits of DER
systems with the local air quality cost of moving energy genera-
tion (especially PM heavy biomass combustion) into population
centres.

While it has been shown that DER systems have the potential
to lead to significant reductions in annual CO2 emissions, unfortu-
nately the most environmentally beneficial technologies (CHP,
wind turbines, biomass boilers, and photovoltaics) are consider-
ably more expensive than conventional centralised generation.
Energy subsidies are therefore critical if these technologies are to
be financially competitive. However further analyses needs to be
carried out to set the tariffs at levels that do not lead to the
favouring of technologies that lead to only a moderate environ-
mental benefits, or technologies that have other negative environ-
mental implications (e.g. the degradation of local air quality).

Ideally, instead of being prescriptive and technology driven,
energy subsidies should instead be performance related. From this
study it was determined that the optimal technology selection for
a given site is heavily dependent on the characteristics of the site.
Therefore instead of encouraging the investment in particular
renewable technologies by subsidising their adoption, which in
this case resulted in subsidy pay-outs that were an order to
magnitude higher than the monetised emission reduction benefit
of the technology intervention, tying energy subsidies to emis-
sions reduction performance, regardless of technology, would
allow developers to select the optimal technologies for their sites
that lead to the maximum CO2 emissions reductions thus max-
imising the cost-effectiveness of the subsidies.
Appendix

Heat loss in the heat network

The heat loss in the distribution network is calculated using the
equations (Eqs. (29)–(31)) for the heat loss from buried side by
side supply and return pipes (Çomaklı et al., 2004, Claesson and
Bennet, 2005). Each steel pipe is insulated with high density
polyurethane and is buried in the ground.

QLoss n;n′ ¼
Tf−Tr

2 −T0

Rs þ Ri
ð29Þ

Rs ¼
ln hc

rc

� �
n 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− rc

2hc

� �2r !" #

2πks
ð30Þ
Ri ¼
ln ri

rp

h i
2πki

ð31Þ

For the case study presented in this paper, the heat loss is
calculated to be 10.8 W/m, resulting in a total network heat loss of
around 9% which is in line with typical values for heat losses from
distribution networks in European countries (Werner, 2005).
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