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Schematic diagram illustrating the operating mode proposed for the fully renewable DH network.



Two-stage modelling approach adopted to determine heat transferred to/from storage on an hourly basis.

𝜼𝑫𝑯 𝒕 % =
𝑼𝒔𝒆𝒇𝒖𝒍 𝒉𝒆𝒂𝒕 𝒕

𝑯𝒆𝒂𝒕 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒆𝒅 𝒕
∙ 𝟏𝟎𝟎



WP2: Methodology. DH system optimisation.

The optimisation was done using the Microsoft Excel add-in program Solver. The Solver parameters introduced 

were:

• Objective: Cost per dwelling, to be minimum. 

• Variables: the optimisation was carried out by modifying the following parameters:

1. Installed capacity of PV used to power domestic HPs, (PVdwellings).

2. Installed capacity of Wind used to power domestic HPs, (WINDdwellings).

The PV and Wind capacity needed to power the HTHPs required to lift the temperature of water prior charging 

the LTWT (PVLTWT and WINDLTWT) are not included here, as these two are calculated depending on the 

amount of heat to be charged in the LTWT at every hour.

• Constrains: the following constrains were applied:

1. Domestic heat demands to be met at every hour for the whole time-period considered for the 

simulation (Δdem-prod ≤ 0 kWh). 
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2. 0.5 MW ≥ PVdwellings ≥ 0 MW.  

3. 0.5 MW ≥ WINDdwellings ≥ 0 MW.  

4. 0.05 LTWTmax ≥ LTWTmin > 0, where LTWTmin is the minimum accumulated heat stored in LTWT between 01/09/2018 00:00:00 and 30/06/2019 23:00:00,

and LTWTmax the maximum heat storage capacity of the LTWT. This last constrain was introduced to make the software find the solution faster and avoid

local minimums, as it was observed that in all cases the global minimum cost that ensures to meet demands for the whole simulation period is obtained

when the minimum heat stored in the LTWT between two summer maximums is the smallest possible (but higher than 0 kWh). In this case, it was

assumed that the minimum should be less or equal than the 5% of the maximum heat storage capacity of the LTWT.



RHSs main parameters

USED IN DWELLINGS

Renewable power sources used to power domestic HPs

Wind assumed installed capacity (WINDDWELLINGS, MW) 0 – 0.5

Solar PV assumed installed capacity (PVDWELLINGS, MW) 0 – 0.5

STCs

%ETSTCDWELLINGS 100%

%FPSTC 0%

Area of STC per dwelling (m2) 2

HPs

%ASHP 50%

%GSHP 50%

ASHPs capacity per unit (kW) As required 

GSHPs capacity per unit (kW) As required

USED TO CHARGE LTWT

Renewable power sources used to power HTHPs needed to lift temperature of water prior 

charging LTWT

Wind assumed installed capacity (WINDLTWT, MW) As required 

Solar PV assumed installed capacity (PVLTWT, MW) As required

ETSTCLTWT area (m2) As required

TES main parameters

Penetration (% of dwellings with stores)

STWT 50%

PCM 30%

LTWT NA

TCS 10%

Charging temperature (°C)

TCS 120

STWT 50

PCM 50

LTWT 50 - 90

Volume 

STWT volume per dwelling (m3) 1

PCM volume per dwelling (m3) 0.2

TCS volume per dwelling (m3) 1

LTWT (m3) Variable

WP3: Applications to case-study regions. Case-scenario: 2 urban areas in Loughborough, UK (262 dwellings) for the time 
period 01/06/2018 00:00 to 31/12/2019 23:00. Inputs.



Costs of variable parameters

Variable parameters

Installed PV (£/MW)[1] 1000000

Installed Wind (£/MW)[2] 1610000

LTWT (£/m3)[3] 50

ASHPs (£/unit) 5000

GSHPs (£/unit) 13000

HTHPs (£/kW)[4] 250

STCs (£/m2)[5] 170

Fixed parameters

TCS (£/kg)[6] 0.2

PCM (£/kg)[7] 6

STWT (£/200 L)[3] 200

Piping network (£/dwelling), [8,9] 800

Methodology: Case-scenario: 2 urban areas in Loughborough, UK (262 dwellings). Inputs.

1 Obtain by means of google maps.
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Methodology: Case-scenario: 2 urban areas in Loughborough, UK (262 dwellings).



Sub-area number... number of dwellings

Houses in blue area 
1 10
2 16
3 5
4 14
5 8
6 10
7 12
8 7
9 5

10 6
11 10
12 4
13 14
14 22
15 11
16 19

sum 173

Houses in blue area 
1 9
2 9
3 11
4 6
5 11
6 6
7 8
8 8
9 14

10 7
sum 89

Methodology: Case-scenario: 2 urban areas in Loughborough, UK (262 dwellings).



PIPES inputs

main intermediate dwellings LTWT

P
IP

E

Di (m) 0.102 0.041 0.016 0.128

De (m) 0.114 0.048 0.021 0.141

Thickness (m) 0.006 0.004 0.003 0.007

Material pipe PVC PVC PVC PVC

K-value (W/m K) 1.179 1.179 1.179 1.179

IN
SU

LA
T

IO
N Thickness (m) 0.0381 0.0254 0.0254 0.0381

Material AluFlex AluFlex AluFlex AluFlex

K-value (W/m K) 0.023 0.023 0.023 0.023

LTWT

Methodology: Case-scenario: 2 urban areas in Loughborough, UK (262 dwellings). 

The size of the different sections of the piping network 
were chosen in order to avoid velocities of the fluid 
inside the pipes > 1.5 m/s [1]

[1] Handbook of PVC Pipe Design and Construction, n.d.



WP3. Results: Effect of i) VLTWT and ii) Tcharging LTWT on the cost per dwelling.
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WP3. Results: Effect of i) VLTWT and ii) Tcharging LTWT on the cost per dwelling.
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WP3. Results: Effect of i) VLTWT and ii) Tcharging LTWT on ηDH.
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WP3. Results: Effect of i) VLTWT and ii) Tcharging LTWT on ηDH.
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The results showed that:

1. HPs powered by Wind energy are the best option to provide heat to dwellings in the Loughborough area for 
the time-period considered. 

2. A minimum cost of £12723 per dwelling and a ηDH = 74.32% was obtained so far for Tcharging LTWT = 90°C and 
VLTWT = 10000 m3 obtained at the optimum conditions. 

3. In general terms, an increase of both VLTWT  and Tcharging LTWT reduces the cost per dwelling and increases the 
overall efficiency of the system, due to a larger storage capacity of the LTWT, which leads to a less heat sources 
capacity needed to fully meet demands and less heat wasted.

4. Volumes larger than certain values lead to an increase of the total cost due to the higher increment of cost of 
the LTWT comparing with the reduction of the cost of RHSs.

Main conclusions:



Future work:

Developing a “digital twin” of the actual model in order to obtain the 
dynamics/response of each individual dwelling.

Further parametric analysis of other variables of the district heating system, using 
the actual method.

Application of the model to existing district heating networks in order to i) 
validate the results and ii) improve the existing network.

Preparation of 2 peer-reviewed scientific publications.
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RHSs main parameters

USED IN DWELLINGS

STCs penetration into dwellings

%ETSTCDWELLINGS 50%

%FPSTC 50%

Area of STC per dwelling (m2) 2

HPs penetration into dwellings

%ASHP 50%

%GSHP 50%

USED IN LTWT

Use HTHPs powered by PV? YES

Use HTHPs powered by Wind? YES

Use ETSTCs? YES

TES main parameters

LTWT 

T charging LTWT (°C) 80

V LTWT (m3) 2500

✓ Minimum cost per dwelling and maximum energy efficiency obtained in Δdemand-production ≤ 0 zone when using just Wind and not using PV (BUT using the other 
solar-based source considered in this study: STCs) 

✓ This is due to the much higher capacity factor of Wind compared with that of PV in Loughborough for the time-period considered.

WP3. Results: Effect of PV and Wind installed capacity on i) Δdemand-production, ii) cost per dwelling and iii) energy efficiency of the 
DH network (ηDH).

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0
100000
200000
300000
400000
500000
600000
700000
800000
900000
1000000
1100000
1200000
1300000
1400000
1500000

Ddemand-production (kWh)

Ddemand-production £ 0 kWhDdemand-production  > 0 kWh

b) Cost per dwelling (£)

a) Ddemand-production

c) DH energy efficiency (%)

0.00

0.05

0.10

0.15

0.20

0.25

8500

9000

9500

10000

10500

11000

11500

12000

12500

13000

13500

14000
Cost per dwelling (£)

Ddemand-production  > 0 kWh

Minimum cost = £8703 

Ddemand-production £ 0 kWh

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0

0
.1

2

0
.1

4

0
.1

6

0
.1

8

0
.2

0

0
.2

2

0
.2

4

0
.2

6

0
.2

8

0
.3

0

0.00

0.05

0.10

0.15

0.20

0.25P
V

 i
n

s
ta

ll
e
d

 c
a
p

a
c
it

y
 (

M
W

)

Wind installed capacity (MW)

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

hDH (%)

Ddemand-production  > 0 kWh

MaximumhDH = 65.15% 

Ddemand-production £ 0 kWh

0

10

20

30

40

50

60

70

80

90

100

0
1
/0

6
/2

0
1
8

0
1
/0

7
/2

0
1
8

0
1
/0

8
/2

0
1
8

0
1
/0

9
/2

0
1
8

0
1
/1

0
/2

0
1
8

0
1
/1

1
/2

0
1
8

0
1
/1

2
/2

0
1
8

0
1
/0

1
/2

0
1
9

0
1
/0

2
/2

0
1
9

0
1
/0

3
/2

0
1
9

0
1
/0

4
/2

0
1
9

0
1
/0

5
/2

0
1
9

0
1
/0

6
/2

0
1
9

0
1
/0

7
/2

0
1
9

0
1
/0

8
/2

0
1
9

0
1
/0

9
/2

0
1
9

0
1
/1

0
/2

0
1
9

0
1
/1

1
/2

0
1
9

0
1
/1

2
/2

0
1
9

0

10

20

30

40

50

60

70

80

90

 hourly basis

 monthly basis

Average = 14.13%

PV

Wind hourly basis

 monthly basis

C
a

p
a

c
it

y
 f

a
c

to
r 

(%
)

Average = 33.12%


