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Abstract — An integrated steady state heat and power dis-
tribution analysis tool was developed. The distribution
system was represented as a set of interacting network
and generation plant modules. System operation was de-
termined on a minimum cost basis at each time step. The
model was used to compar e the performance of two com-
munity generation options integrating biomass with nat-
ural gas CHP for a case study based on a proposed new
build development in the UK.
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1 INTRODUCTION

The integration of electricity and heat generation with
district heating and eectricity distribution networks
can potentially provide significant carbon savings com-
pared to the use of individual gas boilers with imported
dectricity[1-5].  The impacts and benefits of system
integration have been explored by a number of authors
[6-8] but are often not adequately incorporated into
design and feasibility studies of real systems. This may
lead to financially viable low carbon design options be-
ing overlooked through inadequate analysis and poorly
informed best practice.

The combined analysis of heat and power systems has
received attention in a number of studies as in [9-12].
The most common approach is to the treat the heat and
power networks as a set of flow or capacity constraints.
A novel approach developed by Geidl[12] considers the
system as a set of connected energy hubs collectively
represented by an energy conversion matrix.

This paper presents a modular approach to combined
steady state energy distribution analysis for use within
detailed financial appraisal and project life emissions
evaluation. A case study was used to demonstrate ap-
plication of the model to the the study of two potential
supply options for a proposed new build community re-
development in the UK.

2 COMPONENT MODULARISATION

The heat and power distribution system was divided
into a set of modules each representing a specific aspect
of the infrastructure. The integrated infrastructure was
then modelled as a set of interacting modules. This ap-

proach allows the use of well established network load
flow techniques and generation plant models without
any loss of integrity. The network spacial information
and generation plant design detail are therefore retained
within the analysis.

2.1 General form

Each network and generation plant module was con-
structed using a set of fixed known parameters (plant
specifications, network topology etc.) combined with an
appropriate steady state analysis method (Fig. 1).
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Figure 1: Generic form of steady state analysis module.

2.2 Generation plant module

The module representing plant j was initially construc-
ted by specifying plant type, rated heat production, min-
imum plant downturn '/} | rated electrical generation
efficiency n'} .., and fuel conversion efficiency n'/) .
Other parameters such as working fluid temperature
and part load performance were stored as within the
module as functions of plant type and rated capacity.
The plant heat generation ¢'/ was used as the module
method input variable and corresponds to the tota
quantity of heat produced by the plant before recovery
to the district heat network (DHN). This alows a con-
sistent modeling approach for heat only, power only
and CHP units and removes dependence on the type of
heat application use. The module output variables were
the electrical power generated Pg and plant fuel con-
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sumption F. The steady state analysis method depends
upon the plant type:

221 Heat only boilers.

For natural gas and biomass heat only boilers, P/'=0 .
The fuel energy input at time step p is given by:

F(‘/'p):@((’j /7)/’7(,:;)0" (1)
222 Internal combustion engines (ICE's).
The power output was defined in terms of ¢'/
(j) um ()
=o' @)
¢ ( 1- nrh)

Electrical efficiency n,, is a function of part load frac-
tionz"”' @ and 17,;, wed - The plant fuel energy input
was:

max

¢/llcl (P + d) )/ ni’jn)mh (3)

2.3 Power distribution network module

The power distribution network module was construc-
ted by defining the network topology and line specifica-
tion data. It was used to determine network losses, im-
ported power, maximum network voltage, minimum
network voltage and maximum current. Analysis inputs
were local power generation Pg and demand Pp. The
analysis method used a forward / backward radial load
flow. A flow diagram for the analysis algorithm is
shownin Fig. 2.
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Figure 2: Flow diagram for power network module.

2.4 District heat network module

The district heating module was constructed by defin-
ing the network topology, pipe specification data and
design supply and return temperature data. It was used
to determine network heat losses " and the maxim-

loss

um network flow velocity. The module inputs were the

heat recovered from the generation unit to the heat net-
work tpg’) and the consumer cluster demand gb(c") .
The steady state analysis algorithm isillustrated by Fig.
3. The vector of consumer flow rates f(”) was initialy
estimated using

o =c, (fO)V(T,~T,) 4)
There Tsand T, are the supply and return temperatures
and ¢, the specific heat capacity. The heat supply ratio
between pl ants was assumed constant within the analys-
is so that @7=(> &+ ") x'” | where xc is the
fraction supply vector calculated by initially ignoring
network losses. The generation plant flows (" were
calculated from

(X e+ a)xd=c, (fOV(T,=T,) (5

The vector of pipe mass flow rates i was then obtained
from

Am(p):f(p):f(gp)_fgjp) (6)
where A is the network incidence matrix. The pipe
temperature loss, pipe node flow balance and perfect

mixing assumption at each node were represented using
_(Umdl)

Tuul = Tin e e (7)
Zmin_zmout_ (8)
Tout z m _Z Tmm 0 (9)

which are combined to solve for T, the vector of node
temperatures. The new temperatures were then used to
re-estimate consumer and supply flows. The calcula-
tion was repeated until mass flow rate convergence.

| Input heat generation and demand |

y

I Calculate heat fraction at each plant x_ I

y
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Figure 3: Flow diagram of DHN module

3 MODULE INTERACTION

A computational architecture was developed to run the
integrated system analysis as a set of interacting mod-
ules. This determined the operational cost and system
emissions at each time step. A non linear optimisation
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solver was used to apply the minimum cost operation
assumption and system constraints.

3.1 Decision variables
The plant waste heat output ¢/’ and the plant on/off
status &7 were used as the analysis decision vari-
ables at each time step.

311 Generation plant heat output

The solver algorithm assigned a dummy value to waste
heat production ¢"/*' for each generation plant at
time-step p. Values were constrained between the mini-
mum and maximum allowable outputs:
&Y _ ¢

rated

(10)
and
gb*(j) mm >0
The heat output available to the DHN was therefore
@l =gU) U
where K, isthe heat exchanger recovery factor.

31.2 Generation plant index and on/off variable
Each plant type was assigned a binary heat recovery in-
dex s\ sothat 6),=1for CHP and heat generation
units, and &, =0 for power only generation plant.
The heat recovered to the DHN was thus given by
<P (/. /7,_6}“[6 Js /)J(p:;(j}p) (13)
The corresponding power output P*;® was then calcu-
lated for each plant. The actual power output to the
power distribution network was therefore:
Pg,p):(s(cf,mp*u,m

(11

(12)

(14)

3.2 System Constraints
System constraints were used by the solver to define the
interaction behaviour of between modules:

321 Power network power balance constraint

The electrical power balance at each time step was
defined usi ing:

ZP/p thp

For |sland modes of operation p'») _—.

mzpol/
P'”) were determined using the power distribution

module.

322 Power network operational constraints

Adherence to statutory operational limits was enforced
by applying the following set of constraints:

+PP =0 (15)

[m?ev tmpol!

P(ﬂ) and

import

V max =V upper (1 6)
Vlowel = Vf?‘ZrJi (17)
(I/Ilated)mav\l (18)

323 DHN balance constraint

The DHN was assumed to be a hydro-statically isolated
system so that:

Z¢1/p Z¢1p

The heat network Iosses by
the heat network module.

=0 (19)

were determined using

lvuea

losses

3.3 Cost function

The solver was used to determine the set of ¢'/ corres-
ponding to minimum operational cost at each time step
over the project time horizon. The annual cost of opera-
tion of pIantj is:

z capm + z fm’/Jrc(CL FG

, (20)
_Z cPS‘alev+(CR0+CLEC) Pgllo C(R,F)II
with the total annual cost defined as
Ctotal = z C(‘,) _Ctﬁsales (21)

331 Operational Expenditure

The operational expenditure Cope Was calculated on an
annualised basis as a function of the plants rated capa-
city. At each time step therefore
APl gl

— opex * rated 22

o =T8760 @2)

Where Cam is the operational expenditure per unit
rated output (E/kW/year).
332 Heat revenue

The heat sales revenue was calculated assuming a con-
stant tariff for all consumers so that

c45sales = CWSHeat z (p% 7 (23)
The renewable heat incentive (RHI) rewards renewable
heat generation on the basis of plant output.

= RH]rarH/ Z ¢

3.33 Power revenue

It was assumed that the power generated by each pro-
duction plant was sold to a supplier at the electricity
wholesale price. The sales revenue was therefore:
C(zil.;lzze.y:z Chrspow P (G]) (25
Renewable CHP plant qualify for renewable obligation
certificates (ROC's) by accreditation through the
CHPQA scheme[13]. This measures the quality of a
CHP plant on the basis of its electrical efficiency and an
overal quality index (QI). The first requirement is that
new CHP plant must obtain n,,>n,,.., » where n,,... is
the minimum power generation efficiency defined with-
in the standard. Failure to meet this threshold reduces
the qualifying fuel input Fgr such that:
Ne

(24

RHI

(/) _— J)
FQF[_FTF[

(26)

thresh

The QI is a weighted measure of the plant heat and
power efficiencies defined as

QI('/)=X”)’7@1+Y('”n,wm 7)
where X and Y are defined within CHPQA guidance in
terms of plant type and size. The QI index was used to
determine the qualifying power output Pqgeo eligible for
renewable energy subsidies and levy exception. If
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Q[(jJ>Q]thrmh 1 P(Q/;O:Z P(Gj) . If Ql(j)<Q[thresh ! Cal-
culation of Pgro is dependent upon the type of plant.
For non steam turbine units, the calculation of Py is

() () (J
(J) :Y ’ n(:n»¢'el‘¢él)-10 (28)
orPo 100— X(/J n(‘/)

power

is the qualifying heat output and n'/’ is

power

where &),

the annual plant electrical efficiency.

3.4 Non-linear optimisation solver

The lack of gradient information from each module pre-
scribed the use of adirect search or meta-heuristic opti -
misation method. A hybrid differential evolution parti-
cle swarm (DEPS) non linear optimisation solver was
used to run the analysis at each time step and determine
®?) corresponding to minimum cost. A full descrip-
tion including Java source code can be found at [14].

3.5 Unit commitment selection (on/off) algorithm.

A flow chart illustrating the unit commitment selection
agorithm is shown in Fig. 4. At each time step, the
plant configuration was represented as a bit pattern B of
length J, with bit 1 corresponding to &'/ at plant 1
and so on. Each unit commitment combination is ana-
lysed in turn starting from B=0...01, and increasing as a
binary numeral by 1 until B = (2-1). A feasibility al-
gorithm was applied to identify infeasible plant combi -
nations. The following tests were applied:

Test 1:if ), &,,,,<®,,.., ; NOt enough capacity within
dispatch combination to meet demand.

Test 2: if Z D, <P somana » Plant downturn constraints
do not permit supply at the required level.

Input initial bit pattern B

L]

B=B+1 |

Is @, <I® ?
Is @, >XIP, ?

I Pass B to non linear solver I
Figure4: Flow diagram for Unit commitment search algo-
rithm.

»I

For systems with large numbers of generation units and
time steps, it may be appropriate to consider additional
efficiency measures including the use of dynamic pro-
graming to avoid analysis duplication over the time
horizon. The complete structure of the integrated anal -
ysis environment isillustrated by Fig. 5.
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Figure5: Flow diagram for the integrated modelling envir-
onment

4 |MPLEMENTATION AND CASE STUDY

The integrated modelling environment was implemen-
ted as an OpenOffice Calc spreadsheet. The steady state
analysis modules were implemented as a set of Java
classes using NetBeans and converted for implementa-
tion as Calc add in functions. A DEPS solver was used
to perform the optimised plant output analysis. The
candidate search algorithm was written as an Open Of -
fice Basic macro.

4.1 Case study description

An hypothetical case study was considered based upon
a proposed new build private wire development in the
UK. The model was applied to compare the perform-
ance of two aternative supply options integrating Bio-
mass boilers with natura gas ICE CHP with the inten-
tion of reducing carbon emissions against a base level
of 11,435tCOe for individua gas boilers with imported
electrical power. Preliminary studies based on the an-
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nual load duration curve (Fig. 6 and Fig. 7) indicated a
significant carbon saving by trading CHP capacity with
boiler capacity and a lower expected return on invest-
ment. The plant specification and estimated perform-
ance of each option is summarised in Table 1.

case Community configuration
Option 1 Pant1: 1040kWe NG ICE CHP

Emissions < 9000tCO.elyear, Plant2: 1840kWe NG ICE CHP
total plant capex = £5.21m Plant 3: 4000kWth Biomass boiler
expected IRR = 14% Plant 4: 10770kWth NG boilers.
Option 2 Plant 1: 1070kWe NG ICE CHP
Emissions < 8000tCO.e/year, Plant2: 1200kWe NG ICE CHP
total plant capex = £5.47m Plant 3:  7000kWth Biomass boiler
expected IRR = 12% Plant 4: 10770kWth NG boilers.

Table 1: Plant specifications for the two district heating sup-
ply options.
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Figure 6: Estimated annual supply-duration curve (option 1).
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Figure 7. Estimated annual supply—duration curve (option
2).

The consumers were grouped into geographical clusters
as defined within Table 2. The annua load profile for
each was divided into a set of representative days each
sub divided into 8 hour periods (Fig. 8 to Fig. 11).

Cluster type Peak | DHN | Pesk Power
No. DH node | power | network
demand demand | location
(KWin) (KWin)
1 Public buildings 4353 3 392 1
2 Residential 2416 5 698 2
3 mixed 2498 6 1084 3

Table 2: Consumer cluster data for case study development.
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Figure 8: Representative day for Jan, Feb, March and Dec.
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Figure 9: Representative day profile for April and Nov.
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Figure 10: Representative day profile for May, Sept and
Oct.
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Figure 11: Representative day profile for June, July and
Aug.

Construction specifications for the loca DHN and
11kV distribution power network modules are shown in
tables 3 and 4. Line 1 represents the primary 33/11kV
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substation at the site boundary. Bus 0 was defined as
the slack bus for load flow analysis.

Pipe [ From | To | Length | Diameter U
node | node | (m) (mm) (W/m?/K)

1 1 2 300 200 0.29

2 2 3 100 100 0.13

3 2 4 600 200 0.29

4 4 5 100 100 0.13

5 5 6 600 100 0.13

Table 3: Case study DHN module construction data. Supply
temperature = 95°C, return temperature = 55°C.

line | From| To | Length X R
bus | bus (m) (Q) (Q)

0 0 1 200 0.038 0.016
1 1 2 600 0.114 0.048
2 2 3 600 0.114 0.048

Table 4: 11kV Power distribution network construction data

4.2 Case study results.

The annual supply duration curves for both options us-
ing the integrated analysis tool are shown within Fig.
12. When operating on a minimised cost basis natura
gas CHP is prioritised where capacity constraints per-
mit. Natural gas boilers are restricted to supply peak

load only.
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Figure 12: Supply-duration curves after integrated steady
state analysis (Top = option 1, bottom = option 2).

The key results from the integrated analysis of the two
systems is given by Table 5. The IRR for the genera-
tion plant has increased from the initial estimate by ap-
proximately 3%, which is attributable to the increased
power generation revenue from CHP units and the addi-
tional RHI revenue from biomass units.

case IRR Greenhouse as emissions
(tCO2elyear)
Option 1 17.30% 7840 (68% of base)
Option 2 15.59% 7630 (66%0f base)

Table5: Plant specifications for the two district heating sup-
ply options.

Optimising on a minimum cost basis decreases the an-
nual site emissions of both options compared to the ini-
tial estimate. It is interesting to observe, however, that
the difference between total annual emissions of each
option is reduced to less than 3%. Fig. 13 shows the an-
nua GHG emissions for both options using the same
period sequence used within the supply-duration curve.
Option 2 displays lower emissions at peak load condi-
tions due to the larger specified biomass unit. At lower
loads, biomass boilers are prescribed for option 1 due to

the downturn constraints of the larger NG CHP units.
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Figure 13: annual greenhouse gas emissions attributed to
site (corresponding to heat supply — duration curve).

Note that the emissions curve corresponding to the sup-
ply duration curve does not decrease monotonically due
to variations in heat supply strategy and the net electri-
cal power imported to or exported from the site. Thisis
illustrated within Fig. 14 and Fig. 15 which show that a
significant portion of the annual emissions reduction for
option 1 can be attributed to the export of excess power
generation from the CHP units. Option 2 on the other
hand primarily depends upon the lower embedded
emissions of biomass fuel.
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Figure 14: Annual emissions corresponding to the supply—
duration curve of option 1.
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Figure 15: Annual emissions corresponding to the supply—
duration curve of option 2.

The similarity with respect to annual emissions savings
offers a degree of flexibility within the planning deci-
sion process. Option 1, with larger and thus more effi-
cient CHP units, achieves a significantly higher propor-
tion of its emissions savings by exporting electricity to
the grid than option 2 and may therefore be a more ap-
propriate solution if local biomass availability is limit-
ed. The annual emissions of option 2 on the other hand
is more dependent upon the use of biomass and may be
preferred if access to local or imported biomass is less
restricted.

5 CONCLUSIONS

A modular combined electricity and heat distribution
model was developed. The model was applied to study
two options integrating biomass community hesting
with with natural gas CHP. IRR and total annual emis-
sions were determined for each option assuming mini-
mum cost based operation.

Both options delivered significant carbon savings
against the individual gas boilers option. Both options
were found to deliver an emissions reduction of ~33%
when least cost operation was assumed. Option 1 was
shown to achieve this primarily through exporting ex-
cess electricity to the grid, whilst on site emissions for
option 2 were decreased by increasing biomass use.

The benefits of optimally designed integrated infra-
structures can be difficult to incorporate into feasibility
studies based on conventional analysis methods. This
may result in the disregard of potentially cost effective
GHG reducing options by inadequate analysis. The
combined analysis tool was demonstrated as an effec-
tive means of capturing the performance and opera-
tional characteristics of integrated multi generation
plant distribution networks.
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