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Abstract

Brazilian demand curve for the residential sector has most of the times a typical shape with a pronounced peak from
18-22 hours. A time-of-use rate was recently introduced to incentive consumers to manage their demand in order to
avoid electricity consumption during on-peak hours. Solar Domestic Hot-Water Systems can be a useful tool to
reduce the energy consumption and on-peak power demand but represents additional investment costs, so depending
on the relation between the different levels of electricity costs, they can be an economically feasible option. The
present work shows an optimization procedure to define the sizing of the Solar Domestic Hot Water System for a
study case and also presents multi-objective optimization analysis considering the conflicting objectives of the
consumers that want a lower monthly expenditure and the utility that wants to smooth the demand curve. Results
shows that considering the actual regulation, solar heating systems are economically feasible for both rates with a
slightly advantage to the time-of-use rate. Reduction in the on-peak electricity consumption is always achieved, but
more precise results needs a more realistic distribution of the heating demand along the year.
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1. Introduction

Brazilian electricity system is characterized by a large interconnected system with installed capacity of
132 GW and hydrothermal generation basis (64% hydro and 36% thermal/complementary) [1]. Although
renewable energies have a big contribution to the energy share, this scenario of hydropower dependence
makes the grid very sensitive to drought periods where the reduction of the stored water in the reservoirs
increases the electricity costs and risks for the system operation.

Residential consumers are responsible for 45.3% [2] of the total electricity in Brazil and their demand
curve is characterized by low variation during daytime and late night hours and a pronounced peak from
18-22 hours. This behavior led to the introduction of a time-of-use rate as a demand-side management
initiative in order to shift the on-peak consumption, smoothing the demand curve. Electrical showerheads
are devices characterized by their high power and low load factor and are used in 73% of the Brazilian
dwellings, representing about 24% of the residential electricity consumption [3]. As a result, roughly
5.5% (33.7 TWh/year including losses) of the electricity consumption is due to the electric showerheads
used most of the times during the peak hours.

The regulatory frame of Brazil gives the opportunity to captive residential consumers to choose
between a flat rate and a time-of-use rate — TOU that is called “Tarifa Branca” [4]. This regulation
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incentive the use of energy outside the peak-handsenergy savings during this time. Solar Domestic
Hot Water Systems — SDHWS can at the same timeesaagy and shift the consumption, but depending
on the difference among the time-of-use rate le\sgimetimes is more feasible to use electricithi¢at

the water when it is cheaper than investing momegatar collectors.

Considering the interest of both, consumer andggn&upplier, the system needs to be cost-effeative
the point of view of the consumer (i.e. reduce ¢hergy consumption) and for the system operator and
utility companies (i.e. reduce the peak consumptidherefore, there is a conflicting interest thah be
optimized and for each desired energy quantity ihaemoved from the peak-hours there is a relation
between the TOU rate that minimizes the energy mdibgre of the consumer.

The present work discusses this situation showlmegttadeoff between the Annualized Life Cicle
Costs -ALCC and the quantity of energy that is removed froendgh-peak period. The actual regulation is
analyzed in terms of the SDHWS use. A multi-objeetptimization is applied considering a long-term
transient simulation routine for a case study repméng a typical thermosiphon SDHWS for
Florianopolis — Brazil.

2. System description

The thermal simulations use a SDHWS working on rtfteiphon mode because it is the most
common configuration in Brazil. The reasons fosthare high solar energy availability, absence of lo
temperatures, operational reliability and lowertsoBig. 1 shows the basic configuration of the S5
used. This kind of system avoids the use of puhpgever, the thermal storage needs to be placad at
higher position than the collector, and therefsreammon to place it on the roof or in the attic.

Mixing Valve

Auxiliary
Heater

Thermal Storage Outlet

Tank

Solar
Collector Electric
Array Showerhead

Cold Water Inlet

Fig. 1 — Schematic diagram of the thermosiphonrsidanestic hot water system.

Both, the solar collector area and the thermalag®rtank volume are sized through an optimization
process that will be described later. The efficiemarve of the solar collector was taken from the
Brazilian labelling program considering a soladectior that got a class A grade [5]. This efficigrtirve
is experimentally measured for a specific flatplatllector, but for optimization purposes it was
considered independent of the collector area. Pheification parameters used are listed in Table 1.

Table 1. Technical specifications of the solar dstmehot water system

Parameter Value
Collector slope 376°
Efficiency intercept Kz (ta)) 0.728 (-)
_ Efficiency slope FrU,) 6.18 WinfK
% Incidence angle modifier coefficient 0.1065 (-)
§ Tested flow rate 60 kg/nth
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Riser diameter 0.0142 m
Header diameter 0.027 m
Thermal storage shape factor (Diameter and Hedagta)r 0.5()
Thermal storage insulation thickness 0.05m
Thermal storage insulation conductivity 0.126 W/mK

% Thermal storage maximum auxiliary heating rate 3 kw

5 . . . "

3 Thermal storage auxiliary heating device efficiency 1(-)

E Thermal storage thermostat temperature dead band °C 2

(O]

- Thermal storage thermostat temperature 45 °

. Electric showerhead maximum power, 6.6 kKW

=

2 Electric showerhead overall loss coefficient 0 W/K

(%]

g T Electric showerhead efficiency 0.95 (-)

|

uij g Electric showerhead set point 40 °C
Collector inlet diameter 0.015m
Number of bends in the inlet pipeline 4
Inlet pipeline thermal loss coefficient 1.8 k3
Collector outlet diameter 0.019 m
Number of bends in the outlet pipeline 4
Outlet pipeline thermal loss coefficient 1.8 ki

%) Height of the solar collector 1.415m

T

2 Vertical distance between collector’s inlet andetut 0.864 m

.§ Vertical distance between collector inlet and tredrstorage 1.164 m

8 outlet

g

g Thermal conductivity of the thermal storage andtifientirety 2.207 W/mK

Some of the simulation parameters used in the syséze function of the design parameters (i.ersola
collector area and thermal storage volume), and teede calculated in each iteration of the optation
process. These parameters are, thermal storagalldveat loss coefficient, thermal storage diametet
height, positions of the thermal storage thermastak heating element, length of the solar colleatut
inlet piping length, number of parallel solar cotter risers and maximum flow rate for the solar pum
The equations used to calculate these parameteesd@scribed in detail by [6] and [7].

The proposed SDHWS configuration uses two auxilielgctric heaters, one inside the storage tank
and other in line to the load. The second one wasgkan electric showerhead and was considerecin th
simulation model just to guarantee the desired &ratpre for the users.

The thermal performance of the SDHWS depends sigmifly on the domestic hot water load profile.
The chosen profile was previously determined uséaj measured data of a group of ninety residential
consumers during a one-year period ([7], [8]). #istically representative normalized load proi§i¢hen
derived as depicted in Fig. 2.

The annual thermal performance and economic aisalysre determined using the Transient System
Simulation Program (TRNSYS) [9]. All simulations reeperformed using a Typical Meteorological Year
— TMY from the SWERA database [10] for Florianogo(R7.6°S/48.5°W). The performance of the
thermosiphon system was calculated through the istorrand Braun model [11]. In addition, the
auxiliary energy supply was simulated as electeatbrs with a fixed thermal efficiency and with a
maximum power that is modulated to meet the sptiiet point temperature.
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Fig. 2 — Normalized hot water daily consumptionfieo
3. Economic Analysis

Starke et al [12] presented a discussion showiegtithde-off curves for two incentive policies, a
rebate program and a TOU rate with only two différeate levels. The present work focus only in the
TOU, but using the regulatory framework that isngeimplemented in Brazil.

3.1. Time-Of-Use rate

A TOU rate was recently established by the regtyadgency (ANEEL) in Brazil and named “Tarifa
Branca” [4]. It is an option for the low voltagermumers to pay different electricity rates depegdin
the hour of the day and the day of the week. Dutiregbusiness days there are three different rafes:
peak, intermediary and on-peak and during the wedkeand holydays the off-peak rate is used. The
hours and ratio between the rates are defined déydbulatory agency every four years for eachtyitili
company. Fig. 3 show the frame for the TOU rate parad to the flat rate in Santa Catarina [13]slt i
worth to note that the flat rate is the weightedrage of the TOU rate.
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Fig. 3 — Comparative between Time-of-Use and fletsdor Santa Catarina.

The different rate levels are treated in the presenk related to a reference value - the flat rate
enable the construction of different scenarioss this possible to propose a policy to incentive tise of
SDHWS. Table 2 shows the actual rates applied meS&atarina and their ratio to the flat rate. The
Brazilian regulation also has a subsided ratedarihcome users and also the taxes are lower &ofirtst
150 kwh of monthly electricity consumption, but th®U is based on the conventional rate, so these
aspects are not considered in the present work.
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Table 2. Electricity rates of residential consumnrSanta Catarina [13].

Eletricistarate- C,  Value  Ratio

(€/kWh)
Flat 0.12769 1
On-peak 0.21726 1.7015
Intermediary 0.14332 1.1224
Off-peak 0.11176 0.8752

3.2.Economic figures

The economic analysis considers that the consumassis on a SDHWS to decrease his yearly
expenditures in water heating. Thus, all coststedldo the additional investment and expenses &f th
SDHWS during the lifetime are also taken into cdasition. The economic analysis methodology can be
seen in details in [14]. First of all it is necagsto define the Life Cycle CostL£C for water heating
that includes the equipment, its installation araimenance costs and the auxiliary energy costisglur
the whole lifetime. It can be calculated bringiritlaese values to the present as shown in Eq. (1):

LCC = (1 + CHICE)[L + CuPWF (N, iy, d)] + PWF(N,0,d) ¥ year(EquxCe) (1)

where(; is the installation cost as a percentage of thlicost/C (¥) of the SDHWS(,, is the annual
maintenance cost as a percentage of the instadisidof the systent,,,, is the hourly auxiliary energy
consumption(, is the electricity rate that depends on the hogr @dayof the week; PWF is the present-
worth factor of a series of constant valugss the lifetime of the system,, is the maintenance inflation
rate andd is the discount rate.

The initial cost/C can be calculated as follows:

IC(J_E) =CA; + CS(VS) (2)
whereC, is the solar collector cost per arda,is the solar collector areé, is the storage tank as a
function of the storage tank volunGg). The solution domai represents all possible combinations of
A, andV.

Once in the point of view of the consumer the ecoiodfigure of interest is thaLCC (%), it can be
calculated as:

ALCC(X) = Lce(x)/PWFE(N, 0, d) (3)

Table 3 lists the actual costs in the Brazilian ketirand the economic assumptions for the present
work.

Table 3. Costs of the SDHWS and economic parameters.

Parameter Value
Solar system life cyclay 20 years
Discount rated 8 %
Maintenance inflation rate,, 6.4 %
Solar collector cost;, 119.25 €/M

Annual maintenance cogt,, (related to the initial cost) 1%
Installation cost(; (related to the initial cost) 15%
Exchange rates for Euro at March, 2014(BR$/€) 3.48 BR$/E

The cost, in euros, of the thermal storagg (vas considered in the analysis by a regressiotiemo
based on the prices of tanks with different volumleined of the main suppliers in the Braziliarrkes
as follows,



3" ELECON Workshop
C,(V,) = %(4798.8]/5 —2889.8V2 + 1196V,2 — 216.9V,* + 14.911V,%) (4)

3.3. Trade-off between the Annualized Life-Cycle Codt@mpeak energy consumption

A trade-off curve is a well known way to help orcdéon when dealing with conflicting objectives. In
the present analysis, the consumer is interestethenlowestALCC, while the utility company is
interested in remove consumption from the on-peak iatermediary hoursEaux,peak+int(;))- To
create the trade-off curve, the SDHWS needs torbpep sized and to do this an objective functicat th
includes both objectives employing a weighted glabierion method is derived. Then, an optimizatio
routine was applied considering two design pararseie independent variables: the solar collectea ar
and the thermal storage volume. The combinatioanodptimization routine with a life-cycle simulatio
of a solar system was extensively explained by.[V8}h the weighted global criterion method, it is
possible to solve a single objective by assignelgtive weights ¢) to the conflicting ones ([16], [15],
[17]). The objective function used in the presamntyg includes also a minimum bath temperature as a
constraint to guarantee that the system suppligerwa the desired temperature to the consumers.
Therefore, the optimization problem can be defiagdollows:

min o Eaux,peak+int(;) ALCC(R) —>}
@) = (1 gy e B R

Subject to: (5)
x€ S
. 1, if Teons(X) < Tigear
P x) = cons Ldea
1( ) ft {0, otherwise

where S is the feasible region defined by the soidiector areal. and the storage volunig Eg; and

ALCCgy, are the values of the energy consumption and dimedalife cycle costs in the case of an
electric showerhead use that were used to rewrgetwo conflicting objectives in a non-dimensional
form.

To do the multi-objective and multi-parameter ojptimtion, the Generic Optimization Program
(GENOPT) was used, since it can be easily coupléth WRNSYS. This software has a large
optimization algorithm library from which the hybrialgorithm of the Particle Swarm Optimization
algorithm and the Generalized Pattern Search impheation of the Hooke-Jeeves algorithm
(GPSPSOCCHJ) were selected. This decision is ateedoaspecific features of problems in which the
objective function is not continuously differenti@por it must be approximated, that is the casthef
thermal simulation routines analysed. Therefore, dbsign parameters can be only solved heuristicall
[18].

4, Results

The results of the case study are presented faiaRlapolis — Brazil (27.6°S/48.5°W), considering a
thermosiphon SDHWS, where the daily hot water comnstion was set to 0.3 Yt 40 °C that can
represent a common case in Brazil.

Two scenarios were considered, the flat rate and T so it will be possible to identify what ret
best option for the consumer and if the combinatietween SDHWS and TOU rate can be a good policy
to smooth the energy consumption during on-peakshdingether with these results, also the annudlize
life cycle cost of the showerhead is plotted, sophoposed alternatives can be compared to the usest
solution for water heating in Brazil. The trade-o#ftween the annualized life cycle cost of theespsand
the on-peak and intermediary yearly electricityssomption is shown in Fig. 4.
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Fig. 4 — Trade-off curve of the on-peak energy comgtion versugiLCC.

The first observation is that there is not a biffedence between th&LCC for both rates. It happens
because the actual economic figures are quite &erto the use of SDHWS. Fig.5 shows the same
result, but on a logarithmic scale, together witbALCC using the electric showerhead for both rates. It
shows that the TOU rate increases the annualizets dor the showerhead and decreases for the
SDHWS, so, although in both cases there is an enmnfeasibility, when the consumers choose the TOU
rate the difference between the two costs is higher
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L|——-TOU 1

500 0O  SH - Flat
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On-peak yearly energy consumption (kwh)
Fig. 5 — Trade-off curve of the on-peak energy comstion versuglLCC together with thelLCC of the
electric showerhead (SH).

This can also be verified analyzing théS showed in Fig. 6 as a function of the collect@aakeeping
the storage volume on a ratio of 0.073 per collector unit area @n In this case, the DSHWS was
optimized considering only the consumer point awi(p = 1) that coincides with the higher on-peak
consumption in figures 4 and 5.

Figure 7 shows the storage volume per collectoa aat¢io in the optimized size that generates the
trade-off curve. The recommended figures for thisoras a best practice are 0,075per square meter
given in [14] and around 0,1%per square meter according to the term of referéocehe Brazilian low
income housing units program “Minha Casa Minha ViflE9]. For the present study it was lower,
standing around 0,07 ¥per square meter because the heating energy waileoed constant along the
year, so the necessity to store more water to dittle demand during the winter months was
underestimated. Even so, it is observed that aslijeztive of on-peak energy savings increase viiise
also increases due to the necessity of heatingrwlaréing the off-peak period. The lower ratio ohtd
considering only the on-peak energy saving objecfiv= 0) happened because at this point the area
increases a lot in order to provide all heating-gynérom the collectors.
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Fig. 6 — Life Cycle SavingsLCS of the DSHWS as a function of the collector areasidering a storage
volume of 0.075 m3 per unit of area.
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Fig. 7 — Storage volume per collector area ratia mction of the on-peak energy consumption.

The yearly sum of the electricity demand duringag & shown in Fig 8. As previously discussed, the
on-peak energy savings of the SDHWS are not styodgpendent on the used rate. Even considering
only the consumer interest, a strong reductioméndn-peak energy consumption is achieved.
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Fig. 8 — Yearly sum of the electricity demand dgranday.
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5. Conclusions

This work presented an analysis of the trade-offveubetween thelLCC and the on-peak plus
intermediary electricity consumption. The SDHWSidgeswas optimized in terms of the collector area
and storage tank volume from an objective functtbat minimizes the two conflicting interests
employing a weighted global criterion method. A T@&ie was also considered according to the actual
Brazilian regulatory frame.

The results shows that independent on the optiothéeoTOU rate, in both cases the SDHWS system is
economically feasible, being interesting not ordy the reduction of thdLCC but also reducing the on-
peak electricity consumption. It is worth to ndtattthe TOU rate increases theCC in the case of using
an electric showerhead, that turns the SDHWS mitractive when comparison to it.

As the main limitations of the present work, the w§ a constant water heating demand led to an
overestimation of the energy savings and undersizedarea and volume of the SDHWS. Even so, the
trade-off curve behavior and the comparative requiésented here are valid.

As additional work, an introduction of the solaradliation forecast to control the storage tank
temperature can also decrease the use of electlimiing on-peak hours. Another possibility is thse of
the ratio between the TOU rates to the flat ratadhieve a specific objective of on-peak elecyicit
savings. A study considering different demand pesffor each month is being conduct using the same
database used here for the annual average of hoamsumption profile. Another interesting worktds
do the same analysis considering individual typaeaisumers, so depending on the type of consuheer, t
TOU rate can be or not a good option.
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