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Abstract: Future energy systems will come with a 100% share of renewable energy and high
integration of energy systems. District heating and cooling systems will be undeniable parts of the
future energy systems, as they pave the bed for high-efficiency, low cost, and clean production. District
heating systems may come into a wide range of designs in the future. Currently, most of the
world’s district heating systems are based on the third generation design while everything in this
framework is on the verge of a transition to the fourth generation. A large number of technologies
for the future district heating systems has been proposed so far, among which low-, ultralow- and
variable-temperature systems seem more of qualification. This study employs computational fluid
dynamics to make a comprehensive examination of the compatibility of regular twin-pipes with
various potential district heating schemes for future energy systems. The results show that both low-
and ultralow-temperature systems could efficiently use regular twin-pipes commonly used in the
third generation district heating systems, though the insulation of the pipe could be proportionally
strengthened based on a techno-economic trade-off. In contrast, the results show that the thermal
inertia of the pipe does not allow the variable-temperature district heating system to effectively
operate when the transmission pipeline is longer than a limited length. Therefore, a regular heat
distribution network may not be an appropriate host for a variable-temperature district heating
scheme unless decentralized heat production units come into service.

Keywords: low-temperature district heating; ultralow-temperature district heating; variable-temperature
district heating; twin-pipe; thermal-hydraulic performance; thermal inertia

1. Introduction

District heating and cooling systems will be the key elements of future smart energy systems [1].
According to [2], in a smart energy system, there must be strong synergies between the district energy
systems and other energy sectors. As such, district energy systems (including heating) show high
potential for the utilization of renewable sources, where a further certain feature of the smart energy
systems is the high integration of renewable energy [3].

Today, most of the world’s district heating systems are based on an advanced design and
characteristics so-called the third generation district heating systems [4]. Two of the main features of
the third generation district heating systems are the material /components employed and their lower
operating temperatures compared to the previous generations. Here, the supply temperature is below
100 °C and pressurized water is the heat carrier. The circulation is carried out by central pumps, and
medium-temperature radiators or under-floor heating are the main space heating methods. Domestic
hot water is supplied either directly by plate heat exchangers or by employing storage tanks and plate
heat exchangers [5]. Apart from the revision of the employed technologies in the heat production chain
in order to increase the efficiency, reliability, and sustainability (bringing CHP units, biomass and
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waste incineration plants, heat pumps, etc.), a revolution of the distribution/transmission components
took place for this generation of district heating systems as well. Here, the main components are
the prefabricated compact substations, the compact stainless steel plate heat exchangers, the valves,
and more importantly the pre-insulated twin-pipes buried directly into the ground while in the first
two generations, regular pipes with separate insulations for supply and return lines were used [6].

District heating technology is, however, on the verge of transition to its fourth generation where
the temperature of supply is to be as low as possible, there is a concrete integration between the district
heating system and the other energy sectors, the share of renewable energy is high, etc. [3]. Reducing
the supply temperature not only reduces the rate of losses from the system (and subsequently increases
the efficiency of supply and distribution) but also enables for further integration of low-temperature
renewable energy and waste heat sources [7]. Generally, the lower the supply temperature, yet being
sufficient to cover the demanded temperature, the more it is desirable, though it might have some
challenges as well. Properly meeting the comfort standard requirements, the risk of legionella
generation and technical/societal foundation preparation for this transition are of the main challenges
in this regards [8]. Therefore, for the fourth generation of district heating, as a necessity, a major
revision of the system components is also required to adequately address the transition challenges.

There is a large number of studies in the literature introducing and investigating new designs of
district heating systems for future energy systems. Low-temperature (LT), ultralow-temperature
(ULT), and variable-temperature (VT) district heating systems are some of the most interesting
schemes investigated over the last years. Some of the most recent works in this framework are
introduced hereunder.

Generally, the concept of LT district heating (LTDH) system offers to decrease the supply/return
temperatures to about 50-55/30-35 °C [9]. Nord et al. [8] comprehensively discussed the challenges
of employing LTDH systems in Norway. They concluded that the heat loss could be reduced by
lowering the supply temperature from 80 °C to 55 °C, though competitiveness of LTDH might be
decreased for the heat densities lower than 1 MWh/m. Im and Liu [10] presented a feasibility study
on the LTDH systems with bilateral heat trade model. They proved that their proposed solution can
alleviate the inefficiency arising from mismatching of heat demand and supply in the consumer side
significantly. Cai et al. [11] investigated the use of electric boilers in LTDH systems and showed that
by such a measure, i.e., a lower supply temperature and intelligent components, can improve the heat
distribution system efficiency and turn district heating into an integrated part of the future smart energy
systems. Averfalk and Werner [12] proposed a highly novel LTDH scheme where along with the lower
supply and return temperatures, the system consists of three principal changes: three-pipe distribution
networks, apartment substations, and longer thermal lengths for heat exchangers. Li et al. [13]
investigated the integration of LTDH systems with industrial parks for the utilization of low-grade
waste heat available in such sites.

In a ULT district heating (ULTDH) system, the supply and return temperatures come even to
lower ranges of about 40-45 °C and 25 °C, respectively [14]. Yang and Svendsen [15] proposed the
integration of a central heat pump and local boosters with a ULTDH system and investigated this
proposal for a low-heat-density area in Denmark. The results showed that the proposed design of
the ULTDH system has a better performance compared to the existing methods in terms of energy,
exergy, and economy due to substantial savings from the distribution heat loss. Vivian et al. [16]
evaluated the cost of heat for the end-users in ULTDH networks. It was concluded that the system is
already competitive with individual gas boilers if a local low-temperature heat source can be recovered
with minor marginal costs. Zuhlsdorf et al. [17] proposed using zeotropic mixtures for improving the
performance of booster heat pumps in ULTDH systems. Although they found the mixed working
fluids resulting in a higher investment cost, the economic performance was comparable to the pure
fluids while the mixtures showed similar performance as the pure fluids at off-design conditions.
Ommen et al. [18] analyzed the performance of ULTDH systems with utility plant and booster heat
pumps, observing a performance improvement of 12% for the reference calculations when the system
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was supplied by central heat pumps. In another work, they designed a new heat pump furnished
substation configuration for multifamily buildings in ULTDH systems, finding it energetically and
economically interesting [19]. Knudsen et al. [20] developed a model predictive control for demand
response of domestic hot water preparation in ULTDH systems.

In a VTDH system, however, the supply temperature is not stable and fluctuates between low
and high values periodically during a day to keep the heat losses as low as possible [21]. A team of
researchers in the Netherlands has continued to work on this concept. In this project, the low supply
temperature is 45 °C and the high supply temperature is 70 °C. The system employs individual heat
storage tanks for supplying domestic hot water of the end-users when working on low-temperature
supply mode [22]. Moallemi et al. [23] presented their own version of this concept using decentralized
neighborhood-scale heat storage units for a case study in Brazil and found their simulation results
interesting if not considering the effects of the dynamic operation and the thermal inertia of the pipes.
In another work, Arabkoohsar [24] investigated the use of decentralized heat pumps in a VIDH system
to keep the transmission pipeline always at an ultralow-temperature level and bring the temperature
variation in neighborhood-scale pipes.

In this study, the compatibility of twin-pipes, which are commonly used in the existing district
heating systems, with the three discussed potential future district heating schemes is thoroughly
investigated. Indeed, the objective is to see if the proposed future district heating systems are
realistically feasible with the existing twin-pipes or there should be a revision of the pipes to make them
practically implementable. For this, the thermal-hydraulic performance of such pipes is investigated
via computational fluid dynamic methods (finite volume approach) in ANSYS FLUENT software.

2. Twin-Pipes in District Heating Systems

Twin-pipes came into service when district heating technology jumped into its third generation
design from the second generation concept. This concept change comprised the extremely lower
temperatures of supply and return and a fundamental revision in the components of the system,
including the pipeline structure [25]. Figure 1 shows the schematic of a piece of a twin-pipe with its
various components marked on it. As the figure shows, in a twin-pipe, both of the supply and return
lines come into a single outer casing while efficient insulation (usually polyurethane foam—PUR)
prevents them exchanging heat to each other and the ambient.

/L Supply pipe \/ t//’

Return pipe

Polyurethane foam
(PUR) insulation

\

Outer Casing

000 250.00 500.00 (mm)
]

—
/ 12500 375.00

Figure 1. Schematic of a piece of a twin-pipe.

In this work, a typical twin-pipe is considered to fulfill the investigations. Table 1 presents
information about the dimensions of different typical twin-pipes usually seen in various sections of
a district heating pipeline including the transmission part, the street branch pipes, and the house
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connection pipes. As the focus of this study is on the transmission section of the pipeline, pipe type 5
is the one investigated in this work.

Table 1. Dimensions of various twin-pipes [26].

Pipe Casing
Pipe Type Nominal Outer Diameter Thickness Outer Diameter Thickness
Diameter (mm) (mm) (mm) (mm) (mm)
Type 1 20 26.9 26 125 3
Type 2 20 26.9 26 140 3
Type 3 65 76.1 2.9 225 3.5
Type 4 65 76.1 29 250 3.5
Type 5 200 219.1 4.5 560 6
Type 6 200 219.1 4.5 630 6.6

Table 2. Further information about the characteristics of the pipes and district heating medium
(i.e., water).

Table 2. Characteristics of twin-pipes and district heating flow through the pipes [26].

Component Material Density Specific Heat  Thermal Conductivity = Viscosity

(kg/m3) (J/kg-K) (W/m-K) (kg/m-s)
Heat Carrier Water 982 4136.5 0.65 0.001
Insulation PUR 30 133 0.021 -
Pipe Steel 8030 502.5 16.27 -

Note that the thermal conductivity and density of water may change as the temperature varies,
however, this change is so small that it is considered negligible in this study.
Table 3 presents information about the three different district heating systems under evaluation in

this work.
Table 3. Characteristics of the three district heating schemes.
District Heating Type Supply Temperature (°C) Return Temperature (°C) Pressure (MPa)
ULTDH 45 (all the time) 25 (all the time) 1.2
LTDH 55 (all the time) 30 (all the time) 1.2
VIDH 70 2haday)/45 (22haday) 35(2haday)/25 (22 haday) 1.2

3. Governing Equations and the Solution Method

In this section, the governing equations on the thermal and hydraulic behavior of twin-pipes and
the heat carrier (the solid and the fluid sides) are presented. Then, the numerical solution method is
explained in details.

3.1. Governing Equations

The governing equations on the motion of an incompressible flow are Reynold-Averaged
Navier-Stokes, which can be written in the following format in a Cartesian coordinate [27]:

dpu;

axi - 0/ (1)
ou; dujuj  19p 9 du; ouj 2 _ du 0 [ ——
ot Ty pay o |U\ax Ton 3%y +aTc]-(_”i”f)’ @)
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In which, u;, uj, and u; are the velocity components in the directions of , j, and [, respectively. x;,
xj, and x; are the Cartesian coordinates, 51‘]’ is the Kronecker delta function, v and y are the kinematic
and dynamic viscosities, and p is density.

The Reynolds stresses term (—ugu}) is evaluated using Boussinesq assumption as follow:

_ Ju; aﬁ] 2
= Ut (ax + a}g) — gk(slj, (3)

where, v; is turbulent viscosity. For considering the effect of turbulence the Realizable k-¢ model is
used in this work. This model is based on the solution of the two heat transfer equations of turbulent

kinetic energy (k) and dissipation of turbulence energy () as below [28]:

ok dkuj 9 v\ ok

8t+8x]_8x][<v+ak>8x] +Gk+Gb—€, (4)
de Odeuj 9 vt Oe €2
-+ — = — — )= C1Se+Cp—re, 5
ot + axj axj <v+ U€> ij thse zk—i— \/VE ®)

where:

_ U _sks_ fsis.

In these equations, C; is a constant, o, and o, are turbulent Prandtl numbers for k and e.
Also, G and Gy, are the productions of turbulence kinetic energy due to the average velocity gradients
and buoyancy, which can be given by the following equations, respectively.

—__du;
G = —ujuj- = viS* @)
o . [ oT
Gb - ﬁgl Prt axi (8)

where,  and g; are the coefficient of thermal expansion and the gravity acceleration component in
each direction. Pr; is the turbulence Prandtl number for energy, considered as 0.85 here. As such, S is
the modulus of the mean rate-of-strain tensor, defined as:

1 aM] ou;
L= L 42 1
Sl] 2 <ax,- + ax]'>’ ( 0)
When the terms k and ¢ and calculated, the turbulent viscosity may be calculated by the
following relations:

k2
—C. - 11
Ut Cy P ( )

1
Cuv=— 77" (12)
P+ Al

u* =,/ SijSij + ﬁ;]ﬁ:], (13)
(/Z]' = Qij — Zel-jkwk, (14)

Qi = O — ey, (15)
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where, Qil] is the mean rate of rotation observed in the moving reference frame with the angular
velocity of wy. The rest of the parameters in the above formulation are given as follow:

Ag = 4.04, A; = V6cos ¢, (16)

S; S KSki ~ ou ou;

- _ Dyojkoki & ..G.. G.. ] i
¢ = 3cos (\fw) S = /S S = <8xl + ) (17)
Cre =144, C, =19, 0, =1.0, 0 = 1.2, (18)

The energy equation is used for calculating the rate of heat transfer as:

E 9 2 aT
o +(-Txl[ ui(pE+p)] = (szax> (19)

In which, E is the total energy, p is pressure, T is temperature and kg is the effective thermal
conductivity term given by:

C
kg =k e (20)

where, ¢, is the specific thermal capacity.
Then, the energy flow for the solid side of the problem (the pipe body) can be written as:

%(ph) +V.(0ph) = V.(kVT) + S}, (1)

where, h is sensible enthalpy and the second term on the left-hand side represents convective energy
transfer due to rotational or translational motion of the solids. The terms on the right-hand side are the
heat flux due to conduction and volumetric heat sources within the solid (Sy), respectively.

The value of heat transfer between the wall surface and the fluid for a unit area of the wall is
calculated as:

g = h(Tf - Tw), 22)

in which, & is the local convective heat transfer coefficient, Tf is the local fluid temperature and Ty
is the local wall temperature. The heat transfer rate for the boundary of a solid cell of the pipe is
calculated as below: r

- F;(TZU - TS)/ (23)

where, ks is the thermal conductivity of the solid cell, T is the local temperature of the solid cell, and
An is the distance of the center of the solid cell and the wall surface.

3.2. Solution Method, Boundary Conditions, and Validation

For the simulation of the heat transfer process in this work, first, the computational space is
discretized by octagonal 3-D elements in a non-uniform grid. According to the importance of the
heat distribution along the radius of the pipe, the meshing has been done with very small elements.
Figure 2 shows the mesh grid made on a cross section of the pipe.

The boundary condition of uniform flow for the inlets and the boundary condition of static
pressure for the outlets are used. The no-slip boundary condition for the walls is also considered here.
Note that for the simulation of the flow behavior close to the wall, the standard wall function is used
which is broadly used for industrial flows.

Due to the large geometry of the problem and the high cost of the computations, in this work,
the momentum equations (Equation (2)) are considered in the governing equations only for analyzes
where the effects of turbulence are important (e.g., for calculating the average Nusselt number and
pressure drop). For the rest of the computations, energy and continuity equations assuming constant
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and uniform velocity are used only. This assumption eliminates the need for the momentum equation
and makes the effects of the turbulent fluctuations and secondary flows negligible.

0,000 0050 0,100 {m)
| ]

I
0025 0075

Figure 2. The mesh grid on the pipe cross-section.

The simulations are accomplished based on the finite volume method within the computational
fluid dynamic model of ANSYS FLUENT.

Validation and grid sensitivity analysis:

Normally, in order to use a numerical model, one needs to first make sure about the validity of
the developed model and accomplish a mesh grid sensitivity analysis. Table 4 gives information about
the three different mesh grids considered in the simulations.

Table 4. Dimensions of mesh cells in different mesh grids.

Average Mesh Size (mm)

Grid Type
Radial Direction Longitudinal Direction
Grid A 0.02 0.08
Grid B 0.01 0.04
Grid C 0.005 0.02

Figure 3 compares the values obtained from the simulations with various mesh grid structures
(A, B, and C) for the rate of heat transfer from the twin pipes (with different nominal diameters) and
those reported by the pipe manufacturer. Therefore, not only does this figure present the results of
the sensitivity analysis on the mesh grids, but it also is a reference for the validity of the results of the
simulations. As seen, there is a very good agreement between the results obtained from the simulations
(in all the mesh grid styles) and those reported by Logstor [26]. In this figure, the graph ‘CFD results:
Grid C + Simplified Model’, which lies almost on the graph ‘CFD results: Grid C’ refers to the case
in which the momentum equation is not included in the simulations for the sake of simplification.
As seen, this simplification does not affect the accuracy of the simulations either.

Note that for all of the pipes with different diameters, their corresponding characteristics are
considered just similar to the reference cases. The supply and return temperatures are 120 °C and
70 °C, respectively.

As the pipeline length is to be quite long (10 km, here), for reducing the cost of computations,
a griding towards the length direction is required to do the computations based on that. Figure 4 shows
the effect of considering longer segments of the pipe in the calculations on the accuracy of the results.
Here, the considered parameter is the overall heat loss rate from the pipe when used for a supply
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temperature of 70 °C and the return temperature is 30 °C, the pipe is made of steel, the insulation is
Series 1, the nominal diameter of the pipe is 200 mm and the ambient temperature is 10 °C.

45
40 A
~ 351
= 30 1
0 A
2 2 i ——LOGSTOR
= 5+ 22 == CFD results: Grid A
8 10 A -a= CFD results: Grid B
a5 5 J 4~ CFD results: Grid C
-1 1 1 1 0 A e CFD results: Grid C + Simplified model
0 T T T T T T

0 20 40 60 80 100 120 140 160 180 200 220
Steel, nominal diameter (mm)

Figure 3. The mesh grid sensitivity analysis and validation of the CFD results.

160
150 -
& 140 -
<
w130 -
[72]
=
= 120 - === Ax =10000m
2] Ax = 1000 m
T 110 - Ax =100m
Ax = 10m
100 . .
1000 10000 100000 1000000

Reynolds number

Figure 4. The effect of the grid size on length direction on the accuracy of the results.

According to the figure, as the segment length increases the accuracy of the calculations drops,
however, segments up to 100 m do not affect the accuracy significantly. Here, at lower Reynolds
numbers, where the deviation is larger, the error is just about 1% (from 125.1 kW to 123.5 kW) and this
error decreases when Reynolds number goes to higher values (though super high Reynolds values
will not happen in district heating applications as the maximum velocity through the pipes is limited
to 2m/s). Thus, for reducing the computations cost, the segment length of 100 m is considered for
meshing toward length direction of the pipe in the numerical simulations.

4. Results and Discussion

In this section, the results of the simulations carried out on the pipe in various scenarios are
presented and discussed.

Figure 5 presents the contours of temperature distribution in the radial direction of the insulations
in each of the three cases. The legends of the contours give an indication of the temperatures that the
colors represent for each case.

Figure 6 presents the profile of temperature drop in the axial direction along the supply and
return lines of the pipeline (up to 10 km) for the three different scenarios. For making these graphs,
the same ambient temperature (5 °C) is applied for all the three cases. As such, in order to make
a fair comparison, the same heat delivery rate (5 MW), instead of the same mass flow rate, is applied.
Naturally, for delivering the same amount of heat to the end-users, the mass flow rate of different cases
should be different (as a direct function of the temperature difference of the supply and return lines).
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Thus, the ULTDH system will result in the highest mass flow rate while the VTDH system when
working on the high-temperature supply mode makes the lowest mass flow rate. It is reminded
that the VTDH system has two operational modes. When it is on the low-temperature supply mode,
it makes a profile just the same as the ULTDH case. As seen, the highest level of temperature drop is
for the VTDH system while working on the high-temperature supply mode. It will be just about 1 °C
and 0.23 °C for the supply and return lines, respectively. However, one should note that, based on
the design of the VIDH system, this only applies for a short period of time a day, e.g., 2 h, and the
rest of the day, the temperature drop profile will be just similar to the ULTDH system. In this case,
the temperature drop values for the supply and return lines over a 10 km pipeline will be 0.33 °C and
0.07 °C, respectively. The LTDH system presents the temperature drop values of 0.52 °C and 0.14 °C as
moderate temperature drop values among the three cases.

Temperature. Temperature Temperature

. 53.928 H 44.016 | 68.290
49.568 40.635 62.498
45208 37.256 56,706
40847 33877 50914
36.487 30.497 45122
32127 2717 30330
| Rk 2738 33538
[ 23407 20,358 27.746
19.047 16.978 21954
I 14.687 13.599 16.161
10327 10219 10.369
€l (=] €1
2,
N S
Low Ultralow Variable
a b C

Figure 5. Contours of radial temperature distribution for the pipes through the insulations. (a) Low-
Temperature DH systems; (b) Ultralow-Temperature DH system; (c) Variable-Temperature DH system.

12 0.25
—Lma Supply lines —LTDH i
- —ULTDH PPy  ULTDH Return lines
) 19| —vroH Z 02 J|—vroH
p-‘ S
S 08 - g
= o 0.15
£ 06 @
E 0.6 =
= = 01 A
ui 0.4 1 g
g £ 0.05 A
= 02 1 ﬁ e
a b
0 1 T T 0 T T T
1 10 100 1000 10000 1 10 100 1000 10000
Log (Length) (m) Log (Length) (m)

Figure 6. The temperature profile of the supply and return lines for different cases. (a) supply lines;
(b) return lines.

Figure 7 investigates the rate of temperature drop along a 10 km pipeline for the three different
cases if the same mass flow rate is applied through the pipe. Here again, the twin-pipe type 5 is
considered for all the cases, the supply/return temperatures are 45/25 °C, 55/30 °C, and 70/35 °C
for the ULTDH, LTDH, and VIDH systems, respectively, and the surrounding temperature is 5 °C.
Clearly, when the same mass flow rate is passing through a specific pipe, a higher temperature will
make a larger heat loss, and subsequently, a larger temperature drop. Thus, expectedly, the VITDH
system (in high-temperature supply mode) makes a higher temperature drop compared to the others.
Naturally, when VIDH system goes to ultralow supply mode, the same trend as the ULTDH system
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will be observed. The LTDH system results in a moderate temperature drop among the three cases
again. A similar trend is observed for the return lines as well. Comparing the values of losses in this
figure and Figure 6, one could see that the level of temperature drop in this case is lower. This is
mainly due to the fact that the maximum velocity of 2 m/s has been considered for all the three cases,
which gives a shorter time to the district heating water to exchange heat with the surrounding.

0.6 0.12
-LTDH - —LTDH .
_ oo Supply lines _ Lo Return lines
% 0.5 4| _+vTpH % 0.1 4| —vTDH
e =
S 04 4 S 0.0s
= =]
v v
= 03 A = 0.06
T 02 = 0.04 4
;a £
@ 01 A E 0.02
= - Y
a b
0 T T T 0 T T T
1 10 100 1000 10000 1 10 100 1000 10000
Log (Length) (m) Log (Length) (m)

Figure 7. The rate of temperature fall along the pipeline for the three scenarios when the same mass
flow rate is applied. (a) supply lines (b) return lines.

Figure 8 investigates the effect of Reynolds number on the level of total heat loss through the
pipes in different cases. This includes the heat loss from the supply lines (the left panel), and the return
lines (the right panel). As expected, regardless of the Reynolds number, for the same mass flow rate,
the VTDH system while working in the high-temperature supply mode makes the higher rate of loss
while the ULTDH system results in the lowest rate of heat loss. This is true for both the supply and
return lines. On the other hand, the increase in the Reynolds number makes a growth in the rate of
loss, though this effect is not that significant.

160 45

o | Supply Line w» | Return Line ///—
120 31 === .

30 A
100 A

25 A

Total Rate of Heat Loss (kW)
Total Rate of Heat Loss (kW)

20 4 S
60 1
15 4
401 LTDH —LTDH
10 4
—TULTDH —ULTDH
20 1
a —VTDH s1 b —VTDH
0 T T 0 T T
1000 10000 100000 1000000 1000 10000 100000 1000000
Log (Re) Log (Re)

Figure 8. The effect of Reynolds number on the level of heat loss through the supply and return lines
in each case. (a) supply lines; (b) return lines.

Figure 9 shows the total rate of heat loss from both of the supply and return lines along the 10 km
pipelines. This figure, indeed, gives an indication of the summation of the losses reported in the above
figure for each case. Naturally, the trends remain the same and the ULTDH system results in the lowest
rate of loss while the LTDH system presents an average level of loss and the VTDH system (when in
high-temperature supply mode) gives the highest rate of total heat loss.



Energies 2019, 12, 1299 11 of 17
200

180 A

160 /,
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100 /—,

80
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Total Rate of Heat loss (kW)

LTDH
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20 1 —VTDH
0 . .
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Figure 9. The effect of Reynolds number on the level of total rate of heat losses over the entire pipeline
in each case.

Figure 10 illustrates the effect of Reynolds number on the level of temperature drop for the supply
and return lines over the entire pipeline for each of the three scenarios. Again, the VIDH system while
working at the high-temperature supply mode makes the largest value of temperature drop in the
supply line while the ULTDH system makes the lowest value of temperature drop through that.
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Figure 10. The effect of Reynolds number on the level of temperature drop over the entire pipeline in
each case. (a) supply lines; (b) return lines.

Figure 11 illustrates the profile of pressure for a unit meter of the pipeline for the three cases.
Here again, to make a fair comparison, the same amount of heat delivery (rather than a similar mass
flow rate) is applied to the pipes in different cases. The presented pressure drop profiles are related
to the supply lines only, as almost the same values as the supply lines are obtained for the return
lines. Note that the value of pressure drop increases proportionally as the length of the pipe increases.
The pressure drop values are important because they can represent the amount of work required for
running the booster pumps along the paths for compensating the pressure losses through the pipes.

Figure 12 shows the variation of Nusselt number for each of the three cases as a function of
Reynolds number. As seen, there is not a significant difference between different cases, neither in the
supply lines nor through the return lines.

Figure 13 presents the profile of the heat loss from the supply and return lines of each case as
a function of the angle. The right panel in the figure shows how the angle is considered, where the
upper tube is the supply line and the lower tube is the return line. According to the figure, at angle 0°,
where the supply line is closer to the surrounding soil, the loss is at its maximum level while it gets
minimal when the angle is close to 180°. For the return line, the trend is revers because the supply line
at angle 0° heats it up, and the losses get maximal when the angel goes toward 180°. The noteworthy
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point is that the heat loss from the supply line to the return line is not considered as a loss for the
whole pipe because it remains in the system.
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Figure 11. The level of pressure drop through the supply lines in each case.
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Figure 12. The effect of Reynolds number on the Nusselt number through the pipes in each case.
(a) supply lines; (b) return lines.

60 _
a Supply lines [ —LoH —uLToH —VIDH |
50
40
-
1 30
T
'g 20 ‘
=
<
2 10 138.
2
£
—
= 40 i
g b Return lines [ —Lmn —uLH —vibH
30
G
S 20
P
g
= 10
o~
0
10
20
0 30 60 9 120 150 180 210 240 270 300 330 360
400.00 (mm)
Angle [Degree] 100.00 300.00

Figure 13. The rate of heat loss from the supply and return pipes as a function of angle in each case.
(a) supply lines; (b) return lines; (c) pipe dimensions and angles.
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Figure 14 shows the effect of variation in the insulation thickness of each case on the rate of
heat losses. The considered range for the thickness of the insulation come in the form of the outer
diameter of the casing just above the outer diameter of the pipes up to an outer diameter of 870 mm.
According to the figure, although the effect of increasing the thickness of the insulation gets milder
as the thickness grows, a significant reduction in the rate of loss is seen in the lower ranges of the
outer diameter. For example, an increase of the outer diameter from 554 mm to 590 mm results in
about 20%, 18%, and 14% less heat loss from the supply lines of the VTDH system (from 150 kW to 123
kW), the LTDH system (from 110 kW to 90 kW) and ULTDH (from 85 kW to 72 kW), respectively. The
rates of improvement for the return lines are even more impressive, where for the VIDH, LTDH, and
ULTDH systems the saving rates of respectively 33%, 32%, and 30% are observed for the same amount
of insulation strengthen. The heat loss values (before and after increasing the insulation thickness)
for the whole pipe, including both supply and return lines, are 180 kW to 143 kW, 138 kW to 110 kW,
and 105 kW to 83 kW, respectively. Since the main objective of lowering the operating temperatures
in district heating systems is getting a lower rate of loss, the reinforcement of the insulations in the
transmission pipelines compared to the existing standard pipes could be highly helpful. Of course,
this needs an optimization based on techno-economic considerations to see how much it would cost
to make such a reinforcement of the insulation per meter of the pipe and how much benefit it would
make. This will, naturally, be different for various district heating schemes.
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Figure 14. The effect of strengthening the insulation of pipes for various cases. (a) supply lines;
(b) return lines; (c) total.

Figure 15 shows the variation of the outlet temperature of the supply and return lines of the
VTDH system over time. The main objective is to investigate the effect of the thermal inertia of the
pipe to see if this parameter allows the system to operate as the proposers [22] and investigators [23]
of the system expect. For this, it is assumed that the system is in its ultralow-temperature supply
mode (45/25 °C), and then suddenly, the high-temperature supply mode starts (70/35 °C). Naturally,
as the operation mode changes, due to the long length of the pipe (10 km) and the limited velocity
of the flow through the pipes (2 m/s here), even if there is no external parameter affecting the flow,
it would take time to reach the outlet point. In addition, it can be seen that even if the effects of the
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thermal inertia of the pipe is neglected, the external effects cause the outlet temperature to gradually
approach the supply temperature. This will even take longer (almost double) when the effects of the
thermal inertia of the pipe are taken into account. A similar trend is observed for the return line as
well. Therefore, it is clearly seen that a VT supply could not be effectively taken for a pipeline as long
as 10 km, which is a very regular long of transmission pipeline in a district heating system.
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Figure 15. The effect of thermal inertia on the outlet temperature of the Variable-temperature district
heating (VTDH) system.

Figure 16 compares the trend of variation of the outlet temperature of a VITDH system when the
length of the pipeline is 10 km and 1 km. The former is as the previous case and the latter is based
on what Arabkoohsar [24] proposed for the local use of decentralized heat pumps for increasing the
temperature from 45 °C to 70 °C, which makes the length of pipe associated with the variation of the
temperature below 1 km. For this, a complete high-temperature, ultralow-temperature supply process,
based on the given definition for this system, is accomplished. That is, the pipeline is first at 45 °C,
then suddenly two hours of 70 °C supply, followed by 2 h of 45 °C supply, is applied.

| —Pipe length = 10 km Pipe length = 1 km |
Supply lines

70 4 pply
~ 60 A1
o
= J
£ 50 -
=
= S
=
o 40 : : . . . . . : : : :
3
o Return lines
= 35 -
Y
s 1
; |

30 4 |
o .

25 4=

0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)

Figure 16. The trend of outlet temperature in a VIDH system with different pipe lengths.



Energies 2019, 12, 1299 15 0f 17

According to the figure, the outlet temperature of the long pipe gets quite disordered and kind of
unexpected while the small length of the pipe for the second case makes the desired outlet temperature
achievable after a short delay. This results in a favorable outlet temperature profile for the VIDH
system with a short length of 1 km (e.g., a street branch pipe).

5. Conclusions

This study presents a thermal-hydraulic performance analysis of regular twin-pipes in the third
generation district heating systems to investigate how they fit into the future district heating schemes.
After presenting the general thermal and hydraulic performance assessment results of such pipes
for all the three considered cases, i.e., the ULTDH, the LTDH and the VTDH systems, the effect of
changing the insulation thickness and the thermal inertia of the pipe on the performance of each of the
cases were investigated.

The results show that, expectedly, the ULTDH system shows the lowest rate of loss and
temperature drop along the pipe, where the VTDH system results in a higher rate of loss and
temperature drop when working on a high-temperature supply mode. The results show that the
twin-pipe (as they are) may fit the ULTDH and LTDH systems while there seems to be space for
strengthening the insulation of the pipes for a further reduction of the rate of losses in a cost-effective
way. This, however, requires an economic trade-off to see how much would be gained for a certain
amount of reinforcement of the insulation and how much this will increase the cost of the pipes.

On the other hand, it was shown that the concept VTDH system, as proposed in [22,23] would
never be practically applicable. This is mainly because of the effect of the thermal inertia of the pipe.
The other scheme of the VITDH system, i.e., the one proposed by Arabkoohsar [24], however, does not
suffer from this problem as this concept brings the dynamic supply temperature to the pipes close to
the end-users (below 1 km distance). Although the thermal inertia of the pipe affects the practically
achievable supply temperature of the end-users in this system as well, the effect is so small that the
system can reliably be employed by the regular existing twin-pipes.
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Nomenclature

Parameter Explanation
Ay, C, 0y, 0¢ Turbulence model constant

gi Gravity acceleration component

h Convective heat transfer coefficient/enthalpy
k Turbulent kinetic energy

kegr Effective thermal diffusivity (heat transfer coefficient)
ks Thermal conductivity of solid cell

LTDH Low-temperature district heating

Pr Prandtl number

Pr; Turbulent Prandtl number

q Rate of heat transfer/loss

Ty Local fluid temperature

Tw Local wall temperature

uj, uj, u Velocity components in the 7, j and I direction

ULTDH Ultralow- temperature district heating
VTDH Variable-temperature district heating
Xi, Xj, X Cartesian coordinates in the i, j and I direction
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Greek Symbols

v Kinematic viscosity

U Dynamic viscosity

Vg Turbulent viscosity

0 Density

djj Kronecker delta function

€ Dissipation of turbulence energy

B Coefficient of thermal expansion

w Angular velocity
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