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A STEP BY STEP DESIGN GUIDE FOR A SOLAR WATER
HEATING SYSTEM CONSIDERING THERMAL LOSSES
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and M. Carvalho A clear and direct guide for the design of a solar heating system is presented
herein, focused on industrial applications. This guide focuses on the design
aUniversidade Federal da Paraiba of solar water heating systems for nonresidential applications. The
importance of considering climatic conditions throughout the year is
highlighted herein, along with reliable solar radiation data. Solar heating
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NOMENCLATURE junction, W/(m.K)
l; thickness of the thermal insulation, m
A area of the solar collector set, m? M cons daily water consumption, kg
A, area of the solar collector unit, m2 me mass flow in a collector, kg
Aiges area of sides of the solar collector, m? M consumption daily water consumption, kg
A+a area of the storage tank, m? Mgoage ~ Mass of the stored liquid, kg
A,  area of the glass cover of the solar collector, n thermal efficiency of the solar collector
m?2 N number of glass covers in the collector
b width of the surface-tube junction, m Naiers ~ NUMber of solar collectors required
Cp,  fluid specific heat at constant f water, J/(kg.K) N number of tubes in the collector
D, outer diameter of the tubes of the solar Nu Nusselt number
collector, m Pr fluid Prandtl number, v/a
D; inner diameter of the tubes the of the solar P, precision limit of quantity a
collector, m Qu energy absorbed per hour in the collector
Euseru daily demand of useful energy, kwh/day area, J
f solar fraction of the system Qp energy losses in the collectors, J
fa friction factor of the flow inside the tubes Quot energy gains in the collectors, J
F collector fin efficiency factor for straight fins Qsworage  internal energy storage capacity, J.
F heat collection efficiency factor Re Reynolds number
Fr heat removal factor S solar irradiance, W/m?
hea  convective coefficient between the glass cover t thickness of the absorber surface, m
of the collector and the air, W/(m2.K) T abs temperature of the absorber surface, K
h; convection coefficient within the tubes, T amb average annual ambient temperature at the
W/(m2.K) site, K
| incident energy on the collector area, MJ/m? Ta Te,  water temperature at the inlet and outlet of
k thermal conductivity of the absorber surface, the solar collectors, K
W/(m.K) T consumption temperature of water consumed, K
Ki thermal conductivity of the thermal insulation, Toocess  temperature the of required process, K
W/(m.K) Tsorage ~ Water storage temperature, K
Kp thermal conductivity of the surface-tube T it average temperature of the water in the
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collectors. K
Utop energy losses at the top of the collector,
W/(m2.K)
U pase energy losses at the base and the sides of

the collector, W/(m2.K)
Usides energy the sides of the collector, W/(m2.K)

Uit global coefficient of thermal losses for the
solar collectors, w/(m2.K)

Uta global coefficient of thermal losses from
the tank to the environment, W/(m2.K)

Us global coefficient of thermal exchange
between the surface and the fluid,
W/(m2.K)

W distance between the tubes, m

V, average wind speed, m/s?

V consumption daily water consumption, m?

Greek symbols

a thermal diffusivity, m?/s

£c emissivity of the glass

€p emissivity of the absorber surface

c Stefan—Boltzmann constant, W/(m2.K*)

B inclination of the collectors, degrees

Wit kinematic viscosity of the water within the

tubes

Y thickness of the solder at the surface-tube
junction, m

v fluid kinematic viscosity, m?%/s

P density, kg/m®

Subscripts

j time interval of one hour

INTRODUCTION

The geographic location of Brazil provides the
country with great potential for exploring renewable
energy sources, especially solar energy (Pereira et al.,
2012; Andrade et al., 2015; Silva; Marchi Neto and
Seifert, 2016; Ferreira et al., 2018). Brazil is Latin
America's largest renewable energy  market
(www.ren21.net, 2019), and the country is strongly
committed to renewable energy, with continued
investments in wind, solar, and hydropower capacity
growth (Globaldata, 2018).

Solar energy has been the focus of several
recent energy integration studies carried out in Brazil:
Grilo et al. (2018) compared two energy supply
options for a heat pump (solar energy vs. electric
grid), Delgado et al. (2018) carried out an economic
optimization that included photovoltaic solar energy a
hospital, Carvalho and Delgado (2017) verified the
potential of solar energy to reduce the carbon
footprint of the Brazilian electricity matrix, and
Carvalho, Delgado and Chacartegui (2016) employed
life cycle assessment in the optimization of an energy
supply system for a tertiary sector building.

The Brazilian industrial sector accounts for
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approximately one-third of the total national energy
demand (Brazilian Company of Energy Survey,
2014), and the majority of this energy is employed in
industrial processes that require electricity and
thermal energy (process heat). Most industrial
processes require temperatures between 60°C and
250°C (Kurup and Turchi, 2016), and solar industrial
process heating is a clean and renewable energy
option available in many countries of the world
(Sharma et al., 2017a). With the use of well-
established technologies, such as solar collectors and
concentrators, it is possible to reach these
temperature levels and satisfy industrial energy
demands. Sharma et al. (2017a) present a detailed
table that describes industrial processes with the
corresponding range of process heating temperatures
and heat transfer medium.

Industrial solar thermal systems can satisfy heat
demands totally or partially, depending on the
conditions established in the design of the system.
Industrial water heating systems are constituted
basically of a heating device that produces and
supplies heat, and a distribution system that transfers
thermal energy to the consumer center. Process heat
can be produced directly (e.g., furnaces) or indirectly
(e.g., heat pumps, solar collectors). Regarding the
latter, steam and hot water are produced and
employed in different applications such as drying,
washing, cleaning, and bleaching processes of textile
manufacturing.

As mentioned by Sharma et al. (2017a), there
are several studies on the estimation of the potential
of solar industrial process heating in different
locations, considering specific processes and
applications. Recent reviews on the application of
solar energy for process heating have been published
by Suresh and Rao (2017) and Kylili et al. (2018).

Already in 1989, the scope for solar energy
utilization in the Indian textile industry was studied
by Gupta (1989), followed by Abdel-Dayem and
Mohamad (2001), who presented a feasibility study
to obtain the potential of solar energy utilization in
the textile industry. Prospects for solar water heating
within the textile industries of Pakistan, Turkey, and
China were the focuses of Muneer, Maubleu and Asif
(2006), Muneer et al. (2008), and Jia et al. (2018),
respectively. Considering the production of cotton
textiles in India, the potential of solar industrial
process heating to mitigate carbon emissions was
reported by Sharma et al. (2017b), along with the
specific incentives for the promotion of these systems
(Sharma et al., 2018). Economic and environmental
analyses were carried out for a biomass-solar hybrid
system for the textile industry in India (Mahadevan
and Salai, 2015), and the results of a solar process
heat system installed at a textile company in southern
Germany were monitored by Frey et al. (2015), while
the viability of a concentrating photovoltaic/thermal-
energy cogeneration system with storage for a textile
industry application was described by Youssef et al.
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(2018). Finally, energy consumption and energy
saving potentials in the clothing industry were
reported by Cay (2018).

The first step in the design of solar water
heating system is establishing conditions such as the
required temperature range, followed by the location
of the installation, analysis of local climatic
conditions, and available investment/capital and type
of technology. In residential and commercial
applications, solar water heating systems can lead to
significant reductions in electricity imports from the
grid. In the industrial sector, besides this potential to
reduce electricity consumption, these systems are a
competitive alternative to conventional, fossil-fuel
based heat generation systems. There are clear overall
environmental advantages when fossil fuels are
substituted by less carbon-intensive alternatives
(Abrahao and Carvalho, 2017; Delgado et al., 2018;
Araujo et al., 2018; Grilo et al., 2018).

Recognizing the importance of employing
energy integration strategies in the synthesis and
design of energy systems, the objective of this study
is to report a step-by-step design guide for a solar
water heating system, encompassing the selection of
solar radiation data, determination of the hot water
demand  profile, climatic  conditions and
thermodynamic  analysis. The thermodynamic
analysis will consider the main thermal losses to
ensure that hot water demands are met.

MATERIALS AND METHODS

Based on the minimum elements required by the
Brazilian Association of Technical Standards (in
Portuguese, ABNT) and using the plan proposed by
the Brazilian Association of Cooling, Air
Conditioning,  Ventilation and Heating (in
Portuguese, ABRAVA) as a guide (Fig. 1 -
(ABRAVA, 2008), this section provides the
methodology for the design and technical feasibility
analysis of the solar water heating system.

Technical Hot water Energy
study ‘ - demand - demand

Available
solar
radiation

Design
criteria and
project

Product
specification

4

Figure 1. Design of a solar water heating system.
Study Case

A textile company is considered herein as a
study case, located in Jodo Pessoa (Northeast Brazil).
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The company operates 24 hours a day, with
programmed one-day breaks once a month for
maintenance of the equipment. There is a 15-day
recess: in December (7 days) and January (8 days).
The company has a hot water demand of 230-300
m3/month (approximately 10 md/day), which is
equivalent to a consumption flow of approximately
0.12 kg/s (temperature range between 50°C and
60°C). Table 1 shows the average climatic data for
the study site.

Table 1. Average monthly data for the city of Jodo

Pessoa (http://www.fau.usp.com, 2019).

Average| Max. | Min. | Relative | Cloud | Wind
temp. |[temp. [temp.|humidity| cover |speed
(°C) [ () | (C) | (%) |(0-10)| (m/s)

Jan 258 |31.8 (228 75 5.6 | 2.50

Feb 252 | 305|226 75 5.8 | 2.50

Mar 28.2 30 |21.2 81 6.1 | 2.50

Apr 25,5 [29.8 229 79 6 2.50

May 27 29.6 | 22.2 81 6.2 | 2.50
Jun 262 | 283|218 81 6.1 | 2.50
Jul 23.7 |26.3]20.3 87 6 [250

Aug 254 | 278|217 75 5.2 | 250
Sep 275 283189 67 5.7 | 3.00
Oct 27.7 1293|233 73 51 | 250
Nov 27 29.7 | 23.2 74 54 | 250
Dec 241 30 | 23 74 5.3 | 2.00

Annual | o093 1019] 768 | 5.7 | 2.50
average

After the determination of the main climatic
parameters, the next step is to estimate the available
solar energy. There are software and spreadsheets
freely available on the internet that, based on the
geographical coordinates of a location, provide the
monthly and annual average solar radiation available
for different slopes and orientations. RadiaSol 2
(2010) software was utilized herein, which required
the specifications of geographical location, slope,
surface orientation, and albedo of the surfaces
adjacent to the solar collectors. The roof albedo was
considered as 0.6, the solar collector inclination was
16°N, and the orientation was 180°N (azimuth angle).

Design of the Solar Hot Water System

Brazilian standards (NBR 15669 - ABNT,
2008) present two options for the design of solar
heating systems: the first is directed to single-family
homes, and the second groups all remaining systems.
This study will employ a methodology based on
Duffie and Beckman (2014), but much more detailed
than the f-Chart method, enabling the identification
of thermal losses and therefore leading to a more
realistic hot water system. A detailed description of
each step necessary for the design of the solar hot
water system follows:

e 1st Step: Determination of Storage Volume.

The storage volume can be calculated from
Brazilian standards (ABNT, 2008):
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vV _ Vconsumption _(Tc

storage —
(T torage _Tamb )

onsumption _Tamb)

(1)

S

V consumption 1S the daily water consumption, mg;
T consumption 1S the temperature of the water consumed,
K; Tsoage is the water storage temperature
(T storage™>T consumption), and Tamp is the average annual
ambient temperature at the site, K.

e 2" Step: Determination of the Daily
Demand of Useful Energy (E ysefur)

The daily demand of useful energy is the
amount of energy required to heat the daily amount
of water required (to its final use temperature).
According to NBR 15669 (ABNT, 2008), E st Can
be determined, in kWh/day, by:

— VstoragepCP (Tstorage B Tamb)
useful 3600 (2)

E

p is the specific mass of water, kg/m3; C, is the
specific heat of water, kI/kg K; Viporage Will be
considered initially equal to the average daily
consumption in m3day; Tsoage Will be initially
considered equal to the temperature required for the
hot water, K; and T, is the average ambient
temperature (it is assumed that water is initially in
thermodynamic equilibrium with the environment),
K.

Please note that Eq. (2) considered a constant
temperature for the storage tank. It is important to
highlight that this temperature will not be uniform,
which makes it necessary to determine a mean
temperature, Tiorage-

e 3 Step: Proposed solar water heating
system without losses.

Figure 2 shows an outline of the proposed
scheme for the solar heating system. The system has
direct forced circulation (uses pumps to circulate the
water), and the water that circulates in the collectors
is the water consumed later.

An initial estimate must be made to determine
the collector area. Average radiation values and local
ambient temperature are utilized, and losses due to
wind will not be considered. These initially
calculated values will be used as the starting point for
successive iterations, which will sequentially apply
energy balances to the main components of the
system.

Considering mass conservation and steady-state
operation, the first law of thermodynamics is applied
to each component of the system. Equations below
represent energy balances for the solar collectors and
for the storage tank, respectively:

0=1A,-m.C, (T, - T,) 3)

0= mCCP (TCZ - Tc1) - mconsumpliunCP (Tcunsumplion - Tamb) (4)
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where | is the incident energy on the collector area,
MJ/mz; T¢, and T, are the water temperature at the
inlet and outlet of the solar collectors, K; m. is the
mass of water in the collectors, kg; and Mconsumption IS
the daily water consumption, kg.

The storage tank presents stratified temperatures
that vary between the inlet temperature and the
consumption temperature (outlet). A dimensionless
coefficient (Esworage) is applied to consider this effect:
Estorage = 0 When Torage = Tamp and Eggorage = 1 When
Tstorage = T consumption- T NiS stratification occurs due to
variations in the density of the water within the tank,
due to differences in temperature.

=k

T
Solar Collectors

consumgion 1l
; Au.\l!mr Poocess
- i Heating [7+=
system
T L - |

storage [

consumplion Tpm:‘:.is

Pump  Thermal { Tonbicn

SIOFEE Feed Water

Figure 2. Proposed operating scheme for the solar
hot water system.

The variation in Eggrage Can be calculated by:

T T

consumption ' storage
Booge =—F 7 (5)

storage
TCZ - Tstorage

Estorage IS the thermal stratification in the storage tank.
The energy balance considering the thermal
stratification of the storage tank yields:

0=m.C,T.,+m C.T,

consumption amb

= (mC + mconsumption)CPTstorage (6)

Therefore, the average tank storage temperature
can be calculated as:

T _ (M. Te, +m

storage

consumption Tamb )

()
(mC + mconsumplion)
The required collector area is determined by the
ratio between the solar energy that is effectively used
to heat the water in the system and the energy
required to heat the water to the desired conditions:

T

f = storage

-7

amb (8)

consumption Tamb

f is an index that determines the solar contribution of
the heating system and varies according to the
configuration and location of the system.

The number of solar collectors required is
calculated by:
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A
Ncollecctors = A_C (9)

tc

A is the area of the glass cover of the collector (also
called “transparent area”).

Considering Egs. (3 - 9), following data is
known: incident radiation on a tilted plane, efficiency
of the solar collectors, inlet water temperature (T zmp),
required process temperature (T process = 60°C), energy
consumption flow (Mmgns = 0.12 Kkg/s), properties of
the working fluid (water), and transparent area of the
collectors. Egs. (3 - 9) present the following
unknowns: inlet temperature of the collectors (Ty),
outlet temperature of the collectors (T,), required
mass flow in the collector bank, average storage tank
temperature  (Tsorage), CONSUMPption  temperature
(T consumption), and collector area (Ac).

Equations 3 - 9 constitute a system of equations,
which was solved with the Engineering Equation
Solver (EES) software (2018), initially assuming a
solar fraction of 80%, and that T, is 20% higher than
T.mo (thermal stratification in the storage tank).

After estimation of the initial collector area
value, it is possible to estimate the solar fraction for
all months of the year by solving the same system of
equations in EES. The initial solar hot water system
is determined within ideal conditions, but it is
necessary to quantify and account for the losses that
occur in the system and implement these in the final
design.

The perfomance of any solar water system is
affected by thermal losses. Agbo and Okoroigwe
(2007) reported the effects of wind speed, number of
glazing layers, ambient temperature, gap spacing
between absorber plate and the glazing cover, tilt
angle and the emissivity of the absorber plate on the
overall heat-loss coefficient of a flat-plate collector.

Herein the losses can be divided into two main
types, according to their location within the system:
losses in the solar collectors and in the storage tank.
The former are considered in the calculation of the
collected useful energy. Fig. 3 shows the energy flow
scheme in a collector.

Reflected
10%

Heat loss
35%

5%
Absorbed

A
25 ~ 35 mm Reflect 85% ransmitted
3 S%

Absorbed in
plate B0 %

Collected heat
L5 %

Figure 3. Energy flows in a flat plate solar collector
(Struckmann, 2008).
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Determination of Collected Useful Energy

The flat solar collector absorbs incident solar
radiation, some of which is lost to the environment.
The useful energy collected is the fraction of the
energy that is effectively absorbed by the collector
and converted into thermal energy (i.e., incident solar
energy incident minus energy lost to the
environment).

Complex iterative calculations are necessary to
quantify the collected useful energy; Figure 4 shows
the flowchart of the iterative method utilized herein.
The initial estimate for the absorber surface
temperature, Tag-1), Will consider that the surface
temperature is initially the average ambient
temperature plus 10 K (Duffie and Beckman, 2014).

(__START )

END. )

\._T_/
YES

Input collector data,
operating data of the

SHS, local data
Increase the water
Input hourly radiation temperature at the
data [W/m?] collector mlet and
Increase J sum up Qu and Qp

Calculate the mcident

energy at the collector Caleulate new
MT 1 Tabs)

Estimate an initial
Tabsj (j=1)

Caleulate gamn and

logs (quj and qpj)

YES

Satisfactory

Tabs)?

Caleulate

Recaleulate Tabs)

Caleulate the
absorbed energy in
the collector area ()

Figure 4. Flowchart for the calculation of the
collected useful energy.

Calculation of the total solar collector heat loss
coefficient, Uy, collector fin efficiency factor, F,
heat collection efficiency factor, F', and heat removal
factor, Fg, follow Duffie and Beckman (2014).
Calculations considered steady-state operation,
uniform temperatures of the glass cover and absorber
surface throughout extension and thickness, one-
dimensional heat flows, and that radiation losses
occur in the upper layers of the atmosphere.

Calculation of the incident energy on the
collector area by hour (MJ/h) follows:

I, =3600S A, (10)
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S; is the solar irradiance in one hour, W/mzh.

The overall coefficient of thermal losses in the
collector is obtained by adding the contribution of the
different collector sections:

U,=U,+U

tot top base

+ Usides (11)

The energy losses at the top of the collector can
be determined by:

N
Ulop c T
ﬂ[‘rabs + am% + Z:|

G(T +Tamb)(-l—z +T2 b)

abs abs am

L1
‘ hca

+
(¢, +0.0059INh ) * + (2N +2 -1+ 0.1338%) )
h, =2.87+3V, (13)
C =520(1—0.00005132) (14)
100
=0.430(1-—
e =) (15)

abs

z=(1+0.089h,, —0.1166h &, )(1+0.07866N)  (16)

caap
N is the number of glass covers in the collector; g,
and g are the emissivities of the absorber surface and
of the glass, respectively; o is the Stefan—Boltzmann
constant, W/(m2.K*: T is the temperature of the
absorber surface, K; V, is the average wind speed,
m/s; hg, is the convective coefficient between the
glass cover of the collector and the air, W/(m2.K);
and B is the inclination of the collectors.

The energy losses at the base and the sides of

the collector are determined by:

ki
Ubase = |_ 17)
Asi es
Usides = Ad Ubase (18)

col

where k; and I; are the thermal conductivity and
thickness of the thermal insulation, respectively, and
Aiges and A, are the lateral area and the total area of
the collector, respectively.

The collector fin efficiency factor for straight
fins, F, is determined by:

tgh(m ("))

Fo___ 2
m(W_De)
2

(19)
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Utot
m= /W (20)

t and k are the thickness and thermal conductivity of
the absorber surface, respectively, W is the distance
between the tubes; and D is the outer diameter of the
tubes.

The heat collection efficiency factor, F’, is
determined by:

v ]/Utol
- ‘(W<De+(W—De)F)jU‘ (1)
1
U, =
1 v (22)
hD, ' k,b

Us is the global coefficient of thermal exchange
between the surface and the fluid, h; is the convection
coefficient internal to the tubes, b and k, are the
width of the surface-tube junction and its thermal
conductivity, respectively, and vy is the thickness of
the solder at the surface-tube junction.

The internal convection coefficient in the tubes
is determined by calculating the Nusselt number, in
function of the Reynolds number, given by:

i

N

Re= ! 23)
D,

Re is the Reynolds number, m. is the mass flow in a
collector, N, is the number of tubes in the collector,
D; the inner diameter of the tubes, and p; is the
kinematic viscosity of the water within the tubes.

Once the Reynolds number is known and flow
is characterized as laminar (Re < 2300) or turbulent
(Re > 4000), a suitable correlation can be selected for
calculating the Nusselt number. Herein Re > 2300
was considered for turbulent flow.

Considering that the thermal flow on the surface
of the tubes is constant, the correlations adopted
herein to calculate the Nusselt number for laminar or
turbulent flow were:

Nu = 4.36 (24)
(f,/8)(Re—1000)Pr

Nu = 1 2 (25)
1+12.7(f, /8)z (Pr3—1)

f, is the friction factor of the flow inside the tubes,
and Pr is the Prandtl number of the water at the
average water temperature in the collectors. Equation
25 was formulated by Gnielinski (1976) and is valid
for calculating the Nusselt number for flows
characterized as transient or turbulent (Re > 2300).
The friction factor of the water flow inside the
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tubes is calculated by (for Re < 3000):
f, =0.316Re /% (26)
For Re > 3000:
f, =(0.790In(Re) -1.64)” (27)

Once the Nusselt number is calculated, the
convection coefficient of the water flow inside the
collector tubes is defined by isolating h;:

_hb;
k

Nu (28)

C

The heat removal factor, Fg, is calculated as:

mC 7ACUI01FI
Fo=—-=2|1-g " 29
? ACUIUI |: } ( )

The energy absorbed per hour in the collector
area is calculated as:

Q, =3600AF, (S—U,, (Ty, —To)) (30)

After calculating the values of the coefficients
for the initially estimated temperature of the absorber
surface, it is necessary to correct T, through an
iterative process, until the relative difference between
the n4ew value and previous T, values is less than 1
x 10™.

Lj(l—FR) (31)

T =T+
abs fl (ACFRUM

With the corrected T, Value, coefficients Uy,
F, Fand Fy are then recalculated from Eqgs. 11 to 29,
and the thermal energy gains and losses in the
collectors are determined.

The total useful energy and energy losses are
calculated by:

Q. =3600>.Q,
j=1

= 36002 FRj .:Sj - ACUtutj (TC1j - Tambj):| (32)
=1

mC, (Tmf(j+1> _Tmm')) =Qy—Qy (33)

and Ty is the average temperature of the fluid in the
collectors:

- Q, R
T, —Tf1+[ACFRU j(l F,j (34)

tot

For the solution of Eq. (25) at j = 1, Ty will be
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considered equal to T,,. For j > 1, Ty is the average
ambient temperature and the average fluid
temperature at the previous instant, T meg.1).

Determination of Storage Losses

The storage tank is insulated, but as the water
temperature in the tank is higher than ambient
temperature, there will be thermal energy losses
(variation in the internal energy stored in the tank)
(ABNT, 2013).

Equation 35 represents the internal energy
storage capacity, without consideration of the effects
of thermal stratification in the tanks:

Qstorage =m storage c P ATs'rorage (35)

Msorage 1S the mass of the stored liquid, Cp is the
specific heat of the stored liquid, and AT rage S the
variation in the average temperature of the stored
liquid in a given time interval.

C.AT,

storage

= Qu -E weful 3600 UTAATA (Tstorage - Tamb) (36)

m storage

Equation 36 is obtained from an energy balance.
Q. is the thermal energy originating from the
collectors, E s, is the energy demand of the textile
process, and Ut and A+, are the global coefficients
of thermal losses to the environment and the external
area of the tank, respectively.

Integration of Eq. (36) concerning time,
considering a time interval of 1 hour, yields:

At
C

storage P

Tstorage(j) = Tstorage(j—l) +

[Qu Euseful - 3600UTAATA (Tstorage(j—l) - Tamb ):I (37)

Solution of Eq. (37) considers that, for j=1,
Tstorage(j-l) = Tamh + 20; fOI’j > 1, Tstorage(j-l) will be the
storage temperature calculated for the previous hour
@)-

Solar Fraction of the Solar Hot Water System

After determination of the losses in the
collectors and storage tank, the solar fraction can be
determined by:

f — Euseful +Qu

E (38)

useful

RESULTS AND DISCUSSION

Table 2 shows the average monthly irradiance
(W/m?) for each month of the year, calculated from
the hourly irradiance values provided by RadiaSol 2.
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These values are important to determine the incident
radiation on the surface and its variation throughout
the day. The monthly average hourly irradiance
(W/m2) will be used to design the system.

Table 2. Monthly Average Daily Irradiance (W/m2)
on a tilted plane (16°N) for the city of Jodo Pessoa,
Brazil.

Average daily irradiance (W/m?)
Month Global | Direct | Diffuse | Tilted (16°)
Jan 297 161 154 316
Feb 317 181 141 323
Mar 305 150 145 296
Apr 279 134 118 252
May 280 127 111 239
Jun 237 97 99 197
Jul 253 115 94 210
Aug 299 143 118 263
Sep 315 165 130 296
Oct 356 216 138 355
Nov 367 244 139 383
Dec 351 234 140 375
Annual 302 156 134 296

Design of the Solar Hot Water System

The calculated storage volume was 7.70 m3. The
hot water demand is constant and continuous (24
hours a day, no interruptions) while the availability of
solar energy is variable, and therefore a conservative
approach is to double the storage volume (i.e., 16 m3
is considered to guarantee a higher share of
contribution by the solar hot water system).
Calculations took into account a storage temperature
of 70°C.

The monthly useful energy demand of the
system can be obtained by multiplying the result of
Eqg. (2) by the number of days per month during
which the system is operating (Tab. 3). In this case,
the ambient temperature considered for each month is
the average annual temperature (Tab. 1).

Table 3. Monthly Energy Demand for Water Heating
(10,000 L/day).
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From Tab. 3 it can be verified that the highest
monthly energy demand was 12,038.40 kWh/month
(occurring in  March, May, July, August, and
September), and therefore this value will be utilized
in the following calculations.

As the textile industry operates continuously,
the daily energy demand is independent of the month.
Dividing the monthly useful energy demand by the
number of operation days per month yields 401.28
kWh/day.

Selection of Solar Collector

Once the availability of solar radiation is
estimated and the hot water requirements are known,
equipment can be selected. Solar water heating is a
technology that is simple to adopt and basically
consists of flat-plate collectors, the flow pipe network
and the water storage tank. Due to its widespread
availability in Brazil, the solar collector adopted
herein was the flat solar collector S-81, manufactured
by Solar Tech (2018). Table 4 shows the technical
specifications of the collector, and its efficiency is
provided by:

n= 62.1-513.6(@] (40)

Table 4. Parameters of the Flat Solar Collector S-81.

Technical Specifications

External Area 1.78 m?
Transparent Area 1.72 m?
Dry Collector Weight 29 kg
Max Operating 250 kPa
Working Fluid Water
Thermal Efficiency 51.8%
Fr(ra) 0.645
Fr(U) 5.334

Solar Hot Water System Without Losses

Table 5 shows the results obtained when
disregarding the losses of the system. These values
are initial estimates, a starting point for the
calculation of monthly mean values and for the final
design. The only loss considered at this point is the
efficiency curve provided by the manufacturer.

Table 5. Solar hot water system without losses:
results of the system of equations.

Tcl Tcz me Tstorage Tconsumption Ac Ncolletors f

31.32°C|61.59°C |0-1075 42 g7°C | 53.22°C |88.79| 51,62 |0.80
kg/s m?2

Month 8%%%2?)(‘} e (Eklils\?rfllljrlnonth)
Jan 23 9229.44
Feb 28 11,235.84
Mar 30 12,038.40
Apr 29 11,637.12
May 30 12,038.40
Jun 29 11,637.12
Jul 30 12,038.40
Aug 30 12,038.40
Sep 29 11,637.12
Oct 30 12,038.40
Nov 29 11,637.12
Dec 24 9630.72
Annual Total 341 9229.44

The manufacturer-recommended  volumetric
flow rate in the collectors is 70 L/h, which is
equivalent to approximately 0.02 kg/s. Thus, to reach
the mass flow required by the system, the collectors
must be positioned in at least five parallel sets.

Due to safety reasons, the number of collectors
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will be rounded to the next higher multiple of five,
that is, 55 collectors will be used (five parallel sets of
11 collectors connected in series), resulting in a
collector area of approximately 95mz.

Once the number of collectors and mass flow
have been defined, monthly solar fraction data were
obtained for the system by considering the monthly
averages of solar radiation and ambient temperature,
while disregarding losses (Tab. 6).

Table 6. Solar hot water system without losses:
results of the system of equations when using
monthly average values.

F Tcl(oc) Tcz (OC) Tsloraqe (OC) Tcons(oc)
Jan | 0.9020 | 26.67 | 63.69 43.02 56.65
Feb | 0.9061 | 26.09 | 63.93 42.80 56.73
Mar| 0.8303 | 26.02 | 63.69 41.33 54.10
Apr | 0.7131 | 26.19 | 55.72 39.23 50.10
May| 0.7070 | 27.66 | 55.66 40.03 50.33
Jun | 0.5690 | 26.74 | 49.82 36.94 45.43
Jul | 0.5648 | 24.28 | 48.88 35.15 44.20
Aug | 0.7420 | 26.13 | 56.93 39.73 51.07
Sep | 0.8891 | 28.32 | 62.99 43.63 56.40
Oct | 1073 28.68 | 70.27 47.05 62.32
Nov | 1133 28.06 | 72.92 47.87 64.39
Dec | 10200 | 25.13 | 69.06 4454 58.71

The solar system is least efficient in June and
July, but it can supply more than half of the total
energy demand in each month. The results obtained
with a numerical routine developed in MATLAB
software (2018) are presented in the following
section.

Collected Useful Energy
Table 7 shows the average values of the
collected useful energy, as computed from the annual

average hourly data.

Table 7. Collected useful energy and annual average
values.

S

. Tabs| Utot Tfm | Qu Qp | Qtot | Qpt
J |wima

HIMIT) fecp |wimek)| c] | M) | 3] | (M) | [M3]

62.00 [21.1147|23.99| 4.8347 | 23.54 | 17.99 | 3.13 | 17.99 | 3.13

214.00(72.8798) 30.27 | 4.5158 | 28.41 | 72.82 | 0.06 | 90.81 | 3.19

6
7
8 {400.50(136.394| 39.18 | 5.3848 | 35.72 [135.82| 0.58 [226.62| 3.76
Q |531.00(180.837|47.49 | 5.8991 | 42.93 [179.36| 1.47 [405.99| 5.24

10/672.00(228.856| 56.09 | 6.2315 | 50.32 |226.48| 2.38 |632.47| 7.62

11|748.50254.909( 62.69 | 6.5205 | 56.29 |251.53| 3.38 |884.00| 10.99

12|744.00[253.376|65.98 | 6.7215 | 59.64 [249.22| 4.16 [1133.21] 15.15

13|662.00[225.450| 65.47 | 6.8170 | 59.85 [220.95| 4.50 [1354.16 19.66

14(559.50(190.543(61.76 | 6.8037 | 57.02 |185.99| 4.55 |1540.15 24.21

15/386.00(131.456(54.26 | 6.6961 | 51.02 |127.30| 4.15 |1667.46| 28.36

16|231.00(78.6694) 45.82 | 6.4672 | 43.90 | 75.41 | 3.25 [1742.87| 31.61

17| 64.50 [21.9661(36.46| 6.1807 | 35.96 | 19.68 | 2.28 |1762.56| 33.90

An important observation regarding the findings
is the behavior of the global coefficient of thermal
losses, Uy, relative to the temperature of the
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absorber surface, T,s As the temperature of the
absorber surface increases, the thermal losses from
the collectors to the environment increase as well,
due to the higher temperature difference collector-
ambient.

The values of the incident energy I, collected
energy Qu, and lost energy Qp found in Tab. 7 are
shown in Fig. 6. It is observed that the fraction of the
solar energy lost to the environment in the form of
heat is proportional to the solar energy incident on
the collector area and to the solar energy that is
effectively absorbed by the collectors.

Another important feature of Fig. 5 is the
behavior of the collected energy with respect to time.
As with the incidence of solar radiation, the collected
energy increases from early morning until reaching
its maximum value close to solar noon and then
decreases proportionately until the end of the day.

Regarding the average temperature of the fluid
in the collector, Ty, its behavior is proportional to
the incidence of solar radiation and varies
considerably from hour to hour during the day, with
progressively increasing thermal gain. At 17:00h,
with a solar incidence of 64.5 W/m2, an average fluid
temperature of 40.7°C is reached.

Figure 6 shows the monthly variation in the
fractions of incident, collected and lost energy in the
collecting area. These values were obtained from the
sum of the hourly data calculated for each month of
the year.

Tand Qy Qp
300.0 5.00
5500 450
250, 4.00
200.0 3.50
3.00
150.0 250
2.00
100.0 1.50
1.00

50.0
‘ ‘ I 0.50
00 - L)

12 13 15 16 17
-mmdem energ} -cellecled energy Lost Energy

Figure 5. Fractions of collected and lost energy
relative to incident energy in the collector area (MJ).

I and Qy; Qp
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250.0 400
200.0 3.50
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100.0 1.50
50.0 1.00
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Figure 6. Monthly behavior of incident, collected and
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lost energy fractions of the solar hot water system.
Storage Losses

Before storage losses are calculated, it is
necessary to select a specific tank, with the
previously defined storage volume (16 msd). Eight
2000-L tanks were selected from Solar Tech (2008),
with specifications shown in Tab. 8.

Table 8. Storage tank technical
(www.solartechbr.com.br, 2018).

specifications

Boiler 2000-L — SolarTech
Length 2.65m
Width 1.07m
Height 1.12m
Thermal insulation | Expanded polystyrene
Insulation thickness 0.05 m

For the coefficient of global thermal losses
between the tank and the environment, it is assumed
that the tanks will be installed in a closed
environment without wind incidence. The thermal
resistance method provided a value of approximately
1.1 W/m2 K for this coefficient.

Table 9 shows the mean values obtained in the
calculation of storage losses considering the annual
average hourly data for tanks connected in parallel.

Table 9. Average annual hourly storage losses.

J | Qu [MJ] | Tstorage [°C] | Qpa [MJ] | Qstorage [MJ]
1 0 40.90 6.50 -66.70
2 0 39.91 6.18 -66.37
3 0 38.92 5.86 -66.05
4 0 37.94 5.54 -65.73
5 0 36.97 4.92 -65.12
6| 17.99 36.27 4.28 -46.48
7| 7282 36.39 4.38 8.25
8 | 135.82 37.46 4.10 71.53
9 | 179.36 39.18 4.12 115.05
10| 226.48 41.61 4.03 162.26
11| 251.53 44.40 4.49 186.85
12| 249.22 47.15 5.07 183.95
13| 220.95 49.47 5.81 154.95
14| 185.99 51.25 6.72 119.08
15| 127.30 52.14 7.63 59.48
16| 7541 52.25 8.24 6.98
17| 19.68 51.51 8.60 -49.11
18 0 50.48 8.98 -69.17
19 0 49.45 8.67 -68.87
20 0 48.42 8.67 -68.86
21 0 47.39 8.62 -68.81
22 0 46.37 8.29 -68.48
23 0 45.35 7.96 -68.15
24 0 44,33 7,62 -67,82

The fraction of stored energy represents the sum
of the inlet and outlet fractions in the storage tank
during hour j. Because the hot water demand is
constant and the availability of solar energy is
variable, Qsorge IS Negative when there is no solar
incidence and varies according to the thermal losses
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to the environment.

Figure 7 view daily net energy of the solar hot
water system does not fully meet the energy demands
between May and August. These months present a
lower incidence of solar radiation, which entails in
less collected useful energy and consequently, in a
lower share of stored energy. However, the remaining
months present energy surplus. This behavior follows
the expected seasonality of solar energy systems.

MI]
2500
2000

1500

1000
500

0 | | i | | | |
Jan  Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dez Anual
= Collected Useful Energy
—Energy demand

Energy gained through storage
Energy loss in storage

Figure 7. Monthly daily behavior of collected useful
energy, energy gain in storage and energy loss
relative to demand.

The energy gained in storage is the sum of the
collected useful energy plus the (negative) energy
lost in storage. In other words, it is the share of solar
energy that is effectively converted into thermal
energy. This value can also be obtained by adding the
energy demand to the energy stored.

The energy lost in storage varies slightly
throughout the year; this occurs due to the
proportionality between storage temperature and
stored energy and the variation in ambient
temperature.

Solar Fraction of the SHS

Table 10 shows the values of the monthly solar
fraction of the solar hot water system for a twofold
increase in the storage volume, and the losses present
in the collector area and in storage. In most months,
the solar fraction exceeds 100%; this means that the
hot water from the solar system exceeds the demand.

Table 10. Percentage values of the final solar fraction
and the total losses of the solar hot water system.

Month f Lost Energy
Jan 120% 10%
Feb 124% 17%
Mar 113% 10%
May 95% 11%
Abri 90% 11%
Jun 73% 12%
Jul 5% 12%
Aug 99% 11%
Sep 113% 10%
Oct 135% 10%
Nov 146% 10%
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| Dec | 143% | 10%

The behavior of the solar fraction remains the
same; therefore, the increase in its value (even when
considering losses) is due to the increase in the
storage volume, but it is important to note that
doubling the storage volume does not double the
solar contribution of the system.

CONCLUSIONS

A step-by-step guide was presented herein to
design a solar hot water system to meet the thermal
demands of a textile industry located in Northeast
Brazil.

Initially aiming at a minimum contribution of
80% from the solar hot water system, a 95m?
collector area was estimated, using 55 solar collectors
arranged in 5 parallel sets of 11 collectors connected
in series. The storage volume, based on the hot water
demand, was calculated as 8 m3, but this value was
doubled (16 m3) considering that the solar hot water
system can present a variable contribution that is
restricted to sunlight hours, whereas the hot water
demand is constant throughout the day because the
textile industry operates 24 hours a day.

The thermal losses were then quantified to
confirm the technical feasibility of the system. Once
the operational conditions of the system and the
layout of its main components were established, the
main thermal losses were calculated. Because the
collectors were installed outdoors, the majority of
losses occurred in the collectors, due to the wind. The
materials employed to build the solar hot water
system also influenced the energy losses due to their
behavior regarding incident radiation (absorptivity,
transmissivity, and reflectivity) and thermal gain of
energy (emissivity).

Storage losses were less significant and mostly

due to thermal radiation, as the storage tanks can be
installed in confined environments (protected from
the elements) to reduce convective losses.
An important analysis to be considered is the
relationship between the solar fraction and the
storage volume of the solar hot water system. The
contribution of the system was improved by
considering a volume of 16 m3 that took into account
thermal losses.

Assuming that a solar water heating system is
technically feasible with a minimum solar fraction of
50%, the system proposed herein has been proven to
be technically and operationally adequate.
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