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The need to consume less and better energy pushes more and more to find efficient solutions at the individual end-user and
community levels. The concept of an energy community is becoming increasingly popular, and recently, many studies try to
demonstrate how an aggregation of end-users, which produces energy according to a distributed generation concept, is a
mechanism able to overcome the increasingly tight constraints imposed by the electricity market, both for the end-user and for
the network and market operators. In this context, the paper is aimed at verifying the convenience for both end-user and
aggregator sides to operate in an aggregate form considering the new tariff scenario imposed in some European countries like Italy.

1. Introduction

It is well known that new technologies have obvious benefits
on electricity consumption and savings achieved by the end-
users. In particular, it has been analysed in [1] how the end-
users with enabling technologies such as a nanogrid for home
application (nGfHA) have the possibility to interconnect
domestic loads, renewable energy source (RES) plant, and
storage systems obtaining a double benefit. On the one hand,
the savings achievable in the annual electricity bill result from
decreased consumption; on the other hand, the social advan-
tage results from participation in a possible energy community
managed by an entity who covers the role of an aggregator
defined as a community energy provider (CEP) [2].

The recent reforms undertaken by the Italian Authority
(AEEGSI), such as the reform of the electrical dispatching
(RDE) which started with the deliberation 393/2012/R/eel,
put as its central topic the full integration of renewable
sources in the energy service market, the changes to the elec-
trical dispatching [3], the regulation of energy imbalances

[4], and the new tariff (DT) for end-users, as reported in
[5, 6]. It has undoubtedly influenced the electricity market,
the operators, and the actual technologies and also the intro-
duction of new operators as the aggregators.

This redefinition of the electricity market has influenced
both the possible activities performed by these new operators
and the economic convenience for the end-users to install
technologies able to reduce the energy consumption. For this
reason, in the paper, an aggregation representing an energy
community managed by a CEP, defined by the authors as
Power Cloud [1], is considered. Several studies have been
performed which led to the definition of an optimization
model to evaluate the economic convenience of the Power
Cloud framework in the view of new regulation changes’
introduced in the electricity market. In particular, it has tried
to define (if possible) the aggregation size so that there is a
convenience for the CEP and for each single end-user who
decides to aggregate, comparing the Italian tariff scenario of
2016 with the one of 2017.

The paper is structured as follows.
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In the first part, the optimization model proposed for the
valuation of the Power Cloud optimal size is illustrated. The
second part shows the most significant case studies demon-
strating that an economic convenience of adopting the Power
Cloud model is still possible even in the new tarift scenario
that would not seem to incentivise the self-consumption
and so the PV plant installation.

2. The CEP Optimization Model

Different types of users such as the consumer, prosumers,
and producers can coexist in an aggregation. In the paper,
the aim is to incentivise the increase of renewable energy
sources (RES) and enable technologies to improve a better
power management of energy resources. It is assumed that
all end-users, participating in the Power Cloud, will be
equipped with RES plants and enable technology configuring
all the aggregated end-users as prosumers [7]. The commu-
nity energy provider (CEP) manages the aggregation. In
addition, it will refer to the Italian electricity market context.

The goal of the CEP optimization model is to evaluate the
optimal Power Cloud size that maximizes the economic bene-
fit of all involved actors, CEP and the end-user considered as a
customer (a residential domestic user with an installed power
equal to 3kW). In detail, the CEP will achieve an economic
profit (CEPp,.4,) as the maximum difference between its reve-
nues and operating costs. At the same time, the end-user
achieves the maximum profit (Userp,,) as the maximum dif-
ference between the amount previously paid for the annual
electricity bill (before joining the Power Cloud) and the
amount that it will pay in case it is joined in the Power Cloud.
The CEP optimization model is so formulated as follows:

Max(Aggregation Economic Benefit), (1)

where Aggregation Economic Benefit = CEPp, g + Userp, .z
is the Power Cloud benefit for both, CEP and the end-users;
CEPp, s = Revenuespp — Costsqpp is the CEP profit, and
Userp,s = Annual electricity bill (not aggregated end-user)
— Annual electricity bill .pp (Aggregated end-user) is the ben-
efit achieved by the end-user.

In the following, each single quantity will be defined
and analysed.

2.1. CEP Profit. Let us start with the analysis of the CEP
profit. It is defined as the difference between the management
costs (Costsqpp) and revenues (Revenuesp).

Costscgp represents all costs incurred by the CEP for the
Power Cloud operating management. These costs are due to
the Energy Market Operator (in Italy, GME (Within the Ital-
ian electricity market, the GME (Gestore dei Mercati Energe-
tici) is the Energy Market Operator who organizes and
manages the wholesale electricity market since the liberaliza-
tion of the energy sector. On the electricity market managed
by GME (also known as Italian Power Exchange (IPEX)),
producers and buyers sell and buy electricity wholesale.))
for using the energy exchange platform (PCE) (Exchange
energy platform in the Italian electricity market refers to
the PCE (Piattaforma Conti Energia) managed by the Energy
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Market Operator (GME). PCE is used for recording transac-
tions concluded “over the counter.” On this platform, parties
that have concluded contracts outside IPEX record their com-
mercial obligations and the related electricity input and with-
drawal energy programs which they undertake to carry out in
compliance with these contracts.), the costs and guarantees
owed to the national Transmission System Operator (TSO;
in Italy, Terna (Terna S.p.A. represents the Transmission Sys-
tem Operator, and it is the owner of the Italian National
Transmission Grid. It operates under a natural monopoly
regime (so it is the only operator in Italy for the management
of the transmission grid) and carries out a public service
mission for the transmission and dispatching of electricity
across the country. 90% of its activity takes place in the regu-
lated market. The role is essential for the functioning of the
entire system and to ensure electricity for citizens and busi-
nesses.)), costs for guarantees due to the Distributor System
Operator (DSO) and excise duties on electricity due to the
Customs Agency Authority [8], and finally operating expenses
related to the management service performed by the CEP.
Costscgp is so defined as

Costscpp = Cpowixcop + Crso + Cpso + Craxes + Cserveeps

(2)

where CPowEXCop represents the cost to register energy injec-
tion and draw of schedule on PCE. Cp,pyc0p 18 s0 defined as

Cpowkxcop = Cprat + Feepy, + CCT, 3)

where Cpy,, is a fixed cost charged “una tantum”; Feep,, are
the variable fees, which need to be paid according to the elec-
tricity schedule registered on PCE; and CCT represents the
difference between the single national price defined as PUN,
which is a reference for the energy purchase in the Italian
electricity market and zonal price (P,) that is a reference of sale
price for the energy sold in the area where a production plant
is located. In particular, it has been assumed that

(i) Cpyy = 1000.00€*
(ii) Feepy,, =0.008**EXEny, +0.008 * EXEnpy,,
(i) CCT = (PUN - P,) * ExEny,,

*The access fee in PCE (una tantum) is equal to 1000.00€.
**Fee per MWh exchanged and registered amounts to 0.008
€/MWh—nhttp://www.mercatoelettrico.org/It/Mercati/PCE/
CorrispettiviPCE.aspx.

where
ExEny,, (4)

is the quantity of the energy produced and injected which is
registered and exchanged in the electricity market, while

ExEnp,,, (5)
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is the quantity of energy absorbed that is registered and
exchanged in the electricity market.

+Crgo represents the costs due to the TSO that includes
both the part concerning the energy injection into the grid
(Crso-1mj) and the energy drawn from the grid (Crgo_ppy)s
it is so defined as

Crs0 = Crso-1mj + Crso-prw- (6)

Crso-1nj 18 composed of the guarantee that needs to be
provided towards the TSO for the generation plants in the
aggregation and added in the dispatching contract related
to the energy injection (Cyy,,y) (The guarantee to be pro-
vided to Terna is a function of the installed power of the pro-
duction plant added in the dispatching contract for energy
injection—Annex A.61: Regulation of the system of guaran-
tees in art. 49 Annex A to resolution 111/06 AEEG-
SI—https://www.terna.it/it-it/sistemaelettrico/codicedirete
.aspx.), the monthly costs incurred for the actual energy
imbalances (Cyggnp,) (Analysis performed on some plants
assumed that the actual imbalance, i.e., the programming
error generated for a photovoltaic plant with a nominal
power of 1MWp, is approximately 1200.00€/year which
matches with the total contribution of management to be
paid to the GSE in the case of the RID service—http://www
.espwr.it/download/espwr_281_SbilanciamentoFV.pdf. This
value compared to the equivalent hours of production con-
sidered (1400 h/year) has the same cost of 0.85c€/MWh.),
and an adjustment component (defined as perequativa)
based on the energy imbalance rules adopted (Cpe cominj)
(From analysis performed on some PV plants in the South
Italy area, cost due to the adjustment component has been
identified that on average in the year 2016 has been equal
to 0.215€/MWh registered.). Crgo_yy; is so defined as

CTSO—Inj = CWarInj + CInjEffInba + CPerComInj’ (7)

where

(1) Cyarn = f (Installed Power)
(i) Cryjisipa = 0-85€/MWh
(iii) Cpercomin = 0-2156/MWh

Crso-prw 18 composed of the guarantee (Cyy,pp) (The
guarantee to be provided to Terna according to the average
annual power of the dispatching contract for energy
absorbed from the grid—Annex A.61: Regulation of the
system of guarantees in art. 49 Annex A to resolution
111/06 ~ AEEG—https://www.terna.it/it-it/sistemaelettrico/
codicedirete.aspx. From analysis performed on users, man-
aged for the energy absorption in a dispatching contract, a
guarantee requested by Terna of €46.6 per customer with
an annual average power of 3.34kW has been identified,
which corresponds to the PMA of household users.) to be
provided to the TSO based on the number of point of
delivery (POD) managed and on the annual average power

absorbed from the grid; the monthly costs incurred for real
imbalances on the energy drawn from the grid (Cp, e inba)
(From analysis performed on some customers managed by
a Supplier in the South Italy area has been identified a cost
due to the actual energy imbalance equal to 0.005€/kWh);
and nonarbitrage fees (Cp,,,ar) (From analysis performed
on some customers managed by a Supplier in the South
Italy area has been identified a cost for non-arbitrage equal
to 0.005€/MWh and so 0.0005€/kWh.) which represent a
similar cost to the CCT expected in the dispatching con-
tract of energy injection. Crgo_py,, is SO defined as

CTSO—Drw = CWarDlrw + CDerffInba’ (8)

where

(1) Cwarprw =f (Annual Average Power)
(ll) CDerfﬂnba = 0005€/kWh
(iif) Cppoarp = 0-00056/kWh

To complete the charges due to the national TSO, there
are other fees in the case of the drawn energy from the grid.
Such costs, however, are defined passer-by charges (Fee to
cover the costs for the remuneration of the load interruption
service (Art. 24.6 Del 107/09 (T1IS)), fee to cover the costs for
the remuneration of available production capacity (art. 24.5
Del 107/09 (TIS)), fee to cover the costs for Terna’s opera-
tion (Art. 24.3 Del 107/09 (TIS)), fee to cover the modula-
tion of wind production costs (Art. 24.7 Del 107/09 (TIS)),
fee to cover costs of essential units for the system safety
(Art. 24.2 Del 107/09 (TIS)), and fee for the resource supply
in the MSD (art. of the 24.1 107/09 (TIS)).) and are not
included in the CEP profit since they are at the same time
a cost and a revenue for the CEP. These charges are costs
incurred by the CEP but fully charged to end-users in the
electricity bill.

+Cpgo represents the guarantee to be provided to the
DSO which is equal to three months of the yearly charges
(Coridsery discussed in the following) incurred by the end-
user and calculated as

Annual energy transport charges
Cpso = 4 ) )

+Crraxes 1S the guarantee to be provided to the Customs
Agency Authority (in Italy, Agenzia delle Dogane), and it is
equal to three months of the yearly excises incurred by the
end-user and calculated as

Annual Excise duty
CTaxes = 4 . ( 1 0)

+Cs.rycpp are the costs incurred by the CEP correspond-
ing to the sum of depreciation of used facilities (Cp,,), gen-

eral expenses (Cgenpy,)> Customer Relation Management

system (CRM) necessary for the billing process towards the
end-users (Cpyg;), and personnel costs (Cy,,,) for the staff

that manages the end-users and registers the schedule
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transactions on PCE. Cg,,,cpp is so defined as
CSeerEP = CDpr + CGenExp + CBillSist + CEmpl' (11)

In the following, the operating revenues of the CEP
(Revenuespp) are valuated. These revenues can be assessed
examining the component related to the marketing and sales
operations (PCV). It represents the remuneration to cover all
the incurred fixed costs necessary for the commercial man-
agement of end-users. Moreover, there is a quota that con-
tributes to the CEP revenues due to the energy supplied to
the end-users, evaluated at the price PEgp. Revenues gp is
so defined as

Revenues gp = n.users * (PCV + (PECEP * WDRSingUSeersumer))

- CEMarket * AnEXEnMarket’
(12)

where

WDRSingUserProsumer ( 13)

represents the average annual energy drawn by the end-user
from the grid and is considered as energy net of self-
consumption (SelfCons);

AnExEny o (14)

is the amount of energy that the CEP purchases on the
market to satisfy the demand related to the end-user con-
sumption which is not satisfied with the energy produced
inside the Power Cloud, and CE,, . is the related cost
on the market.

2.2. End-User Profit. Focusing on the end-user side, it is pos-
sible to say that the main profit is given by the difference
between the amount paid for the annual electricity bill in
the case he is not aggregated (so, as a single end-user which
is in the regulated services defined in the Italian Market
“Maggior Tutela” and thus not equipped with the enabling
technology) and the annual electricity bill that the end-user
equipped with the enabling technology would pay if he is
aggregated. For this purpose, in the following, the cost of
the annual electricity bill for a not aggregated end-user will
be analysed and evaluated, considering him as a simple con-
sumer and the case of the end-user aggregated and operating
as a prosumer.

2.2.1. Not Aggregated End-User. Taking into account the case
of a residential domestic user with a 3kWp installed power,
the cost of the electricity bill consists of four main compo-
nents [9]: energy supply, energy transport and meter manage-
ment (grid services), system charges, and taxes (excises and
vat) [10]. It is remarkable to consider that the year 2016 rep-
resented a transition period in Italy by a tariff structure,
which persisted from 1970 to a greater flexible tariff structure
starting from 2017. This new tarift scenario, with a continu-
ous change until 2025, will encourage the energy consump-
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tion from the grid and will eliminate the differences
between residential and nonresidential end-users in order
to define a single and unique tariff, called Domestic Tariff
(DT). The occurred changes [5] regard the displacement/ch-
anges of fixed components and/or changes of variable quota
and some threshold values. Obviously, these components
between the previous and new tariff scenario have different
values, but the CEP optimization model previously illustrated
is still valid. For these reasons, it is possible to evaluate the
end-user electricity bill cost as

BDoUser = CEnMat + CGridSerV + CSysCh + CUsTaX' (15)

+Cramae Tepresents the cost of the energy supply that
includes the variable costs (CVypp\,,) of the energy, the fixed
quota (FixCompg,\r,.) and a power quota (PwrCompg, i)
all as defined by the Italian tariff scenario [11]. It includes
the amounts related to the various activities carried out by
the seller to supply the energy to the end-users.

The total price applied in the bill for CVy, ., is given
by the sum of the prices for the following components:
energy price (PE), dispatching (PD), adjustment (PPE),
and dispatching component (DispBT). The tariff scenario
defines the value of all those components. The price of
FixCompp, . IS given by the price for marketing and sales
operations named PCV and by the fixed quota of the dis-
patching component (DispBT). PwrCompyg, ., related to
the energy supply is currently equal to 0, thus Cg . is
defined as

CEnMat = (CVEnMat * WDRSingUser) + FixcompEnMat (16)
+ (PwrCompy, ., * InstPower),

where
WD RSingUser ( 1 7)

represents the average annual energy absorbed by the end-
user (the same quantity considered in the following for the
prosumer net of self-consumption) and

InstPower (18)

represents the installed power (equal to 3 kW).

+Cridsery 1S the cost for the energy transport and the
meter management. It is also named grid services [12] which
include the transmission, distribution, and metering compo-
nents, respectively, 71, 72, and 73, the components necessary
to cover the imbalances of the equalization systems’ costs for
the energy transport (UC3) and cover a part of the costs
incurred by the system to encourage and subsidize the com-
panies that manage the transport and distribution networks
for actions that lead an improvement of the service quality
(UC6). The total price applied in the bill for the variable
quota Cgigsery 18 given by the sum of the prices of the three
components 73, UC3, and UC6 (variable quota). The price
of the fixed component FixComp ;45 i €xactly the value
of component 71.
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The power component PwrCompg,;4s.,v 18 given by the
sum between the power quota of 72 and the power quota of
UCE6; thus, Cgpigsery 1S defined as

CGridServ = (CVGridServ * WDRSingUser) + FiXCOranridServ

+ (PwrCompg,igcery * InstPower).
(19)

+Cgyscn represents the cost for the end-user due to the
general system charges which include amounts billed to
cover the costs related to activities of general interest for
the whole electricity system [13], paid by all end-users which
use the electricity service. The total price includes the compo-
nents A2 (nuclear charges), A3 (incentives for renewable
sources), A4 (subsidies for the railway sector), A5 (system
research), Ae (advantages for energy-intensive industries),
As (costs for the electricity bonus), UC4 (smaller electricity
companies), UC7 (promotion of energy efficiency), and MCT
(entity that host nuclear plants). The total price CVg
charged into the bill is given by the sum of the variable part
of all listed components.

Currently, for the analysed end-user (residential domestic
user with an installed power equal to 3 kW), both fixed quota
FixCompg,, and variable component PwrCompg ., are

equal t0 0. Cgyc, is so defined as

CSysCh = (CVSysCh * WDRSingUser) + FixcompSysCh

+ (PwrCompSYSd1 * InstPower) .

+Cyqrax represents the excise duties paid by the end-user
in the electricity bill that maintains a banded structure and
where the reform started in 2017 was not affected because
the definition of the excise duties does not concern the
Authority AEEGSI [14], and it is calculated according to
the relation below:

Custax = (WDRggs0er — 4440)  0.0227 + 1800 * 0.0454
+840 % 0.0227,

(21)
considering the following thresholds:

(1) 0-1800 kWh/year = 0***

(2) 1800-2640 kWh/year, excises equal to 2.27c€/kWh
(3) 2640-4440 kWh/year, excises equal to 4.54c€/kWh
(4) >4440kWh/year, excises equal to 2.27c€/kWh

***In case of energy supply with installed power over
15kW and up to 3kW: if the consumption is up to
220kWh/month, the excises are not applied to the first
150 kWh; otherwise, the kWh exempted from excise is grad-
ually reduced.

2.2.2. Aggregated End-User. Considering now the same type of
end-user (a residential domestic user with an installed power
3 kW) but equipped with a RES plant and enabling technolo-
gies, he will be subjected in the electricity bill to the same cost
components [9]. However, in this case, the energy cost compo-
nent related to the energy (PE ;) is due to a customized price
fixed by the CEP and therefore different from the price PE (PE
corresponds to the expected cost for the purchase of energy,
which is sold to end customers, and it includes network losses,
i.e., the cost of energy that does not reach in a useful way the
delivery point.) defined by the Authority, as previously
shown. The electricity bill cost, in this case, is so defined as

Bpousercep = Cenmatcep + Caridsery + Csyscn
+ Cygrax + TechPaym (22)

- (PremPrlceCEP * INISingUserProsumer)'

+Cromacep Tepresents the cost of the energy supply in
the aggregation which includes the variable costs of the
energy (CVipuvacep)» the fixed quota (FixCompy,,,,,) and a
power quota (PwrCompy,\,,.)> as defined and illustrated in
Section 2.2.1. Contrary to the not aggregated end-user case,
in this one, the variable energy component has a different
value because of the energy price customization (PEqgp)
defined by the CEP and the amount of energy absorbed by
the end-user and considering that the self-consumption
quota is different. Then, Cg s cpp 18 defined as

CEnMatCEP = (CVEnMatCEP * WD RSingUserProsumer)

+ FixCompg i, + PwrCompyg 1. * InstPower.
(23)

All other components, burdens owed to the grid operators,
remain equal as previously shown in Section 2.2.1. The energy
consumption from the grid by the single end-user, in this case,

WD RSingUserProsumer (24)

is referred to as a prosumer, and therefore, it represents the
average annual energy drawn from the grid by the end-user
considering the self-consumption quota. The other cost com-
ponents that define Bp,...cpp have the same structure of the
case in Section 2.2.1 (see cost items which compose the user’s
electricity bill in the case in Section 2.2.1) but consider now

WDRSingUserProsumer :

CGridServ = (CVGridServ * WDRS]ngUserProsumer)

+ FixComp g gsery + (PWrComp g, igsery * InstPower),
CSysCh = (CVSysCh * WDRSingUserProsumer) + FixcompSysCh
+ (PwrCompSYsch * InstPower),

CUstu( = (WDRSingUserProsumer - 4440) *0.0227
+ 1800 * 0.0454 + 840 = 0.0227.



+TechPaym represents the instalment cost incurred by the
end-user in order to install the RES plant and the enabling
technologies (nGfHA including storage system) to make him
a prosumer. The instalment cost is supposed to be calculated
using an amortization plan with a flat rate for ¢ time with an
interest rate i:

mSingUserProsumer (26)

represents the average annual energy injected into the grid
by the end-user net of the self-consumption and the energy
needs to charge the storage system. It will be sold to other
end-users of the Power Cloud. Such energy will be remuner-
ated to the end-user according to a tariff PremPricecgp
defined by the CEP according his economic convenience
limits.

2.3. Energy Balance Constraints. It is possible to define, in the
purpose of the CEP, an equation on the annual energy bal-
ance. The fundamental constraint has to be considered for
the operating of an energy aggregation and so of the Power
Cloud. The annual energy balance is

(AnExEnp,,, — AnExEny, ) — AnExEnygue =0, (27)

where

AnExEn, (28)

is the average annual energy injected into the grid by all
end-user net of the self-consumption, which is the number
of end-users multiplied by the average annual energy
INJinguser Previously defined:

AnExEny,; = n.users * INJg;sers (29)

where
AnExEny,, (30)

is the average annual energy absorbed by all end-users, which
is the number of end-users (n.users) multiplied by the aver-
age annual energy absorbed from the grid Wsmgmer for
the single end-user (in the case where the end-user is a pro-
sumer, the energy absorbed WDRg;,.ouserprosumer 18 cOnsidered
as energy net of the self-consumption):

AnExEnp,, = (n.users * WDRgjoyqer OF D USETS
(31)
* WDRSingUserProsumer> :

AnExEny, ... is previously defined in Section 2.1.

2.4. Discount Thresholds on Absorbed Energy. The enhance-
ment of the energy component (PEcgp) with respect to the
case of not aggregated end-user can be defined by the CEP
according to some economic convenience limits, which cor-
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respond to a percentage of discount applied to the energy
price defined by the regulated service Maggior Tutela (PE)
(For the analysis, the PE is considered flat. PE flat is an option
of the regulated service Maggior Tutela where the price is
always the same at any time.). In detail, the CEP may estab-
lish discount thresholds based on the number of end-users
of Power Cloud, so

PEcgp = PE — x%, (32)

where x depends on n.users.

2.5. Premium Price Thresholds for Produced Energy. The
energy produced and injected into the grid because it is
not consumed by the end-user can be virtually utilized by
the CEP in order to satisfy the energy needs of other end-
users. It must be underlined that at this scope, the use of
the enabling technology such as the nGfHA is fundamental
because by using such system, the CEP, at the aggregation
level, can demonstrate that “the energy absorbed from an
end-user is exactly the surplus production injected into
the grid by another end-user which has sold this energy
to the CEP.”

The enhancement of this energy injected into the grid for
an end-user is a way of participating to the local market as if
it was a small producer who sells energy on the market at a
price defined with the CEP. Such modality is similar to what
is done by the bigger producers that sell energy through
“over-the-counter” contracts (bilateral contracts) agreed
with the energy wholesalers or the RID (in Italy, Ritiro dedi-
cato) of the GSE [15]. An additional example for small users
can be the energy exchange named in Italy Scambio Sul Posto
(SSP), which provides the enhancement of the energy
injected into the grid. Being the RID, the enhancement of
the energy at the average hourly zonal price (P,) (The zonal
price (P,) is defined as a reference of the valuation price of
the sales offers accepted on the day-ahead market in the rel-
evant period, in the area where the production unit is
located.), the premium price, is defined as the additional per-
centage on the RID:

PremPricecpp = RID + y%, (33)

where y is defined by the CEP according to the economic
convenience of the aggregation and based on n.users.

2.6. End-User Billing System. The billing system to end-users
is the core of the end-user management service for the CEP.
The unit management cost per end-user of a CRM system
that is able to provide data aggregation, data transmission,
and billing for energy consumption has been examined for
the analysis. Such a system involves start-up costs related to
the installation which includes a small number of end-users
that can be managed. After that, for a group of 500 PODs
(point of delivery), the cost is €6 per user/year. Based on these
considerations, it has been possible to define cost thresholds
for groups of end-users as shown in the following:

Chinsist = Chilluser * N USETS, (34)
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where

CBillUser (3 5 )

depends on n.users according to the following scheme:

1 -3000, end-users — 12.5€/year,

3001 — 4000, end-users — 11€/year,

4001 - 5000, end-users — 10€/year, (36)
5001 — 6000, end-users — 9€/year,

>6000, end-users — 8€/year,

3. Simulations and Case Study

Once the CEP optimization model was defined, the
numerical results will be reported considering the most
significant cases of study after making specific hypothesis
on both the end-user side (i.e., consumption, RES plant size)
and CEP side.

3.1. Hypothesis on the End-User Side

(i) The single end-user, so the prosumer, has an annual
total consumption of 5620 kWh

(ii) The PV plant has a peak power equal to 3kWp

(iii) The estimated annual production of the PV plant
supposing to be located in South Italy is set equal
to 1430 kWh/kWp

(iv) The PV plant production per year is approximately
4288 kWh/year

(v) Each nGfHA is equipped with a storage system hav-
ing a capacity equal to 3kWh

(vi) For each end-user, demand response (DR) software
in coordination with the storage management
system is installed. It allows to achieve a higher level
of self-consumption (referring to the produced
energy) equal to approximately 70% and so
3037 kWh/year

(vii) The additional annual energy required by the end-
user according to the management model of the
Power Cloud will be satisfied through the energy
surplus produced by other end-users or the energy
that the CEP buys from the electricity market

3.2. Hypothesis on the CEP Side

(i) The kWp cost of the PV plants is considered equal to
1200.00€/kWp. Consequently, the overall PV plant
cost is equal to €3600.00

(ii) The cost of nGfHA equipped with storage system is
considered equal to €3500.00. So, the overall cost for
the end-user enabling technology is equal to
€7100.00

(iii) The useful life of technological equipment is assumed
to be 25 years

(iv) The guarantee to be provided to Terna is a function
of installed PV power added in the dispatching con-
tract. From empirical analysis and data processing,
for the year 2016, a guarantee amount of €4803.00
per MWp has been considered

(v) For 2017, it has resulted that because of new Terna’s
Annex A.61 for a new end-user that applies to a new
dispatching contract, the calculus of the first guaran-
tee on a 1 MWp PV plant is approximately about
€138000.00. It can be reduced by a correction factor
(CF) equal to 20 times lower, only if it results in a
balanced energy program after six months with min-
imum energy imbalance. For the analysis, being this
value so excessive, it has been considered the already
reduced value and equal to 6932.006/MWp. It corre-
sponds to an increase of about 44% compared to
2016 scenario for which the value is considered
4803.00€/MWp

3.3. Simulations. The main changes between 2016 tariff
scenario and the amendments starting from 2017 mainly
consist of three items as shown in Table 1:

(i) The estimated change in the CCT value, based on
the price changes (average PUN and averageP,)

(ii) The effect of the new imbalance regulation scenario,
due to the application of the new dual mechanism on
the small production plants [4] which will result in a
higher cost (CInjEfﬂnba)

(iii) The amendment of Terna’s Annex A.61 related to
the 111/06 deliberation on dispatching which results
in a higher guarantee amount (Cyy1y))

In the following, the numerical results of the main case
studies are shown in order to evaluate the aggregation size
in terms of n.users that guarantees the balance between
costs and revenues for the CEP and maximizes the end-
user profit.

3.4. Case Study. First of all, in this case study, any discount
percentage or incentive to production is considered to under-
stand how, in the two tariff scenarios (2016 vs. 2017), the
above-mentioned changes have impacted in the two different
years from the CEP point of view. Moreover, the purpose is
to find the minimum number of end-users so that there is a
balance between costs and revenues for the CEP.

It is worth to underline that, between the prices and profit
margins, it is possible to see a greater value of PCV compo-
nent and a higher profit margin due to the difference between
the PUN and PE of 2017 scenario compared to those of 2016
(this difference represents the profit margin between purchas-
ing electricity in the day-ahead market, MGP in Italy, and
the sale to the end-user). In Table 2, some of the price data
used in the analysis are reported.
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TaBLE 1: Main changes 2016 vs. 2017.

Hypothesis 2016 2017 Considerations

CCT* (€/MWh) 5 6 Increase of +1€ for the difference PUN and P, SUD.

CiyjEsfinba (E/MWh) 0.85 2.55 The new energy imbalance rules (“dual price”) that affect the cost in +300%.

Cyyarinj (E/MWD) 4803 6932 Increase the first guarantee for the dispatching contract of 44%.

« refers to an estimate based on the analysis performed.

TaBLE 2: Market prices 2016 vs. 2017.

Hypothesis 2016 2017 Considerations
Average PUN (€/MWh) 42.74 47.44 It has been considered the average PUN of the last four quarters of 2016
It has been considered the average PUN of the last 4 quarters, thus three
Average P, SUD (6/MWh) 40.34 4417 quarters of 2016 and the first quarter of 2017 to assess the price changes
Value related to the PE component established by the Authority for the
PE (€/MWh) 47.08 >3.16 quarter under analysis (IV 2016 vs. I 2017)
It has been considered the minimum remuneration of the GSE for the production
RID (€/MWh) 39.00 39.00 plants (“Ritiro dedicato,” (RID))
Value related to the market and sales component established for the energy
PCV (€ryear) 28.38 34.04 suppliers necessary to cover its costs. The PCV is yearly paid by the user
TaBLE 3: Numerical results for 2016 tariff scenario.
Break-even point n.users % SelfCons % energy discount % premium price
Costs -€764027 9 i
CEP 18069 71% of production 0% 0%
Revenuespp €764027 (3037 kWh)
n.users WDRg;user (kWh)  WDR SingUser (kWh)  SelfCons (kWh) I_I\USingUser (kWh)  AnExEnp,, (kWh)
Prosumer
18069 5620 (100%) 2583 (46%) 3037 (54%) 1061 46643438
Revenuesgp Revenuesgp
Revenuesqpp (e. supply)  Total energy cost (e. supply per user)* (PCV per user) Total profit (e. supply + PCV)
€2195973 €1583982 €33.87 €28.38 €1124861
AnExEny,; (e. sold in the market) €386697
PremPriceqpp (premium price for producers) -€747532
Total €764027

*Such revenue depends on the reused energy, provided by the prosumer injection into the grid, used to cover a part of the total energy needed. Otherwise, the

energy profit would be lower as shown in Table 4.

In the following, the numerical results for each tariff
scenario are illustrated.

3.4.1. Case I: Analysis with 2016 Tariff Scenario. Despite a
series of costs charged on the CEP, which have been lower
if compared to 2017 (see Table 1), a lower profit margin
between the market prices has been found (PE, Average
PUN, and Average P,, see Table 2). This leads to the results
reported in Table 3. The minimum number of end-users that
guarantees the financial balance between CEP costs and rev-
enues is 18069 users.

The margins occurring in the energy sales are shown in
Table 4.

It is possible to see that the consumption of the 2583 kWh
from the grid of the single end-user returns a 4.34€/MWh
CEP profit (0.434c€/kWh) for a total amount of about

€11.20 per year to which is added a yearly fixed component,
received by the energy supplier, the PCV of €28.38 per year.
In addition, a minimum margin is obtained on the surplus
energy that the end-user yields to the CEP (that provides to
resell to other end-users or in the energy market at the
priceP,); it returns a profit margin of about €41 per user
per year.

In Table 5, it is reported how the Power Cloud cost
change depend on the number of users and the related balan-
cing point (break-even point (BEP)).

Graphic representation of Table 5 is illustrated in
Figure 1.

3.4.2. Case 2: Analysis with Tariff Scenario 2017. In the fol-
lowing, a simulation with the same hypothesis of Case 1 is
shown, considering the 2017 tariff scenario.
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TaBLE 4: Yearly CEP profit for single end-user (2016).

Absorption (kWh) PE-PUN (€/MWh)

Energy quota (€/year)

PCV (€/year) Total (€/year)

2583 4.34 11.20 28.38 39.58
e. injection (kWh) P_-RID (€/MWh) Profit for e. injection (€/year) — —

1061 1.34 1.43 — 1.43
Profit (€/year per user) 41.00

TaBLE 5: CEP costs and revenues per users—2016.

n.users 1000 5000 10000 15000 20000
Costs €176202 €320510 €484020 €657530 €831040
Revenues  €42284  €211420 €422840 €634261 €845681

Although CEP costs are greater if comparing the 2017
tariff scenario with that of 2016 (see Table 1), the solution
of the CEP optimization model leads to a balance situation
in the Power Cloud with a lower number of users of approx-
imately 50% as shown in Table 6. This is due to an increase of
the possible profit margins in the market prices applicable on
the market due to the increased gap between prices (see
Table 7).

In this second case, the consumption of 2583 kWh from
the grid of the single end-user determines return of 5.71
€/MWh CEP profit (0.571c€/kWh) for a total amount of
about €14.75 per year to which is added a yearly fixed com-
ponent (net PCV) received by the energy supplier increasing
to €34.04 per year (significant increase with respect to 2016).
In addition, taking into account the profit margin on the
excess energy that the end-user yields to the CEP (which
have a greater value with respect to 2016), it returns a profit
margin of about €54 per user per year. This significant
increase in the CEP profit margins determines a recovery
of the CEP costs with a smaller number of users equal to
7868 (see Table 6). On the contrary, it was expected that
the tariff scenario 2017 (which implies an increase in the
management costs) would make an increase of the users’
number for the balance condition between CEP costs and
revenues. This would be true if the profit margin conditions
had remained the same; however, changes in the nature of
expenses are necessary to take into account the changes of
the possible revenues. In this case, it is shown how the CEP
costs change depending on the number of users involved, as
reported in Table 8.

Graphic representation of Table 8 is illustrated in
Figure 2.

It must be said in fact that for an increase in the costs has
been observed a more than proportional increase in profit
margins that can be generated from the energy supply (see
Tables 4 and 7) and as a consequence a reduction in the user
number needed for the economic balance.

In such a situation, the main problem remains the eco-
nomic advantage of the end-user compared with the stan-
dard situation that he would have if he did not participate
in an energy community. The situation shown above is
certainly useful and makes advantages for the CEP who

manages the Power Cloud but shows a drawback from the
end-user side.

As it is possible to see below, the break-even situation
shown with the current market margins leads to an eco-
nomic balance for the CEP but not for the end-user that
if it is compared to the previous tariff scenario 2016, he
pays for the electricity an annual amount slightly higher
due to the instalment costs of the enabling technologies
(see Table 9).

At this point, it has been decided to evaluate the end-user
profit, applying firstly the maximum possible discount on the
energy component (PE.;,) by the CEP and secondly apply-
ing the maximum premium price on the energy injected into
the grid by the end-user. The constraint is placed that the
end-users could not exceed the number of end-users expected
for 2016 tariff scenario (that is, 18069). Finally, in the same
conditions, a third case has been evaluated, applying the max-
imum discount value and premium price simultaneously so
that the end-user would get the maximum savings.

Observing the results in Table 10, it is relevant that, in
any case, the annual electricity bill paid by the end-user is less
convenient comparing with the case of the absorption from
the grid (end-user not aggregated, see Table 9). Therefore, a
better solution is needed to improve the situation and get a
real convenience for the end-user.

4. Observations

The numerical results demonstrate that by also trying to
facilitate the end-user in a better way according to the
CEP economic constraints, the end-user with high electricity
consumption has a reduced convenience to participate in
the Power Cloud with the tariff scenario of 2017. Such a
situation is due to the decrease in average cost per kWh
when the electricity consumption increases. This situation
is well clear in Figures 3 and 4 considering the annual
electricity bill for an end-user not aggregated in terms of
his annual electricity consumption.

In the 2016 tariff scenario, for greater electricity con-
sumption, the introduction of a RES plant is more convenient
because it cuts the highest cost due to the cost progressivity in
dependence of consumption. With the 2017 tariff scenario,
the higher consumption is not so penalized (being the new
tariff a nonprogressive tariff) having an average kWh cost
lower than that of 2016 [5]. For a better understanding, it is
possible to see Table 11 where the annual electricity bill (with
a flat PE) of an end-user is calculated comparing the 2016
tariff scenario with that of 2017 and considering several
annual electricity consumption cases.
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FiGure 1: CEP costs, revenues, and break-even point 2016.
TaABLE 6: Cost, revenues, and users’ distribution—2017 (a).
Break-even point n.users % SelfCons % energy discount % premium price
Costscgp -€440760 .
7868 71% of production 0% 0%
Revenuesgp €440760
n.users WDRg;, user (KWh)  WDR SingUser (kWh)  SelfCons (kWh)  INJg;oi5ser (KWh)  AnExEnp,,, (kWh)
Prosumer
7868 5620 (100%) 2583 (46%) 3037 (54%) 1061 20310397
Revenuespp Revenuesqgp
Revenuesqpp (e. supply)  Total energy cost (e. supply per user) (PCV per user) Total profit (e. supply + PCV)
€1079700 €765634 €39.92 €34.04 €581909
AnExEny, (e. sold in the market) €184356
PremPricecgp (premium price for producers) -€325505
Total €440760
TaBLE 7: Yearly CEP profit for single end-user (2017).
Absorption (kWh) PE-PUN (€/MWh) Energy quota (€/year) PCV (€/year) Total (€/year)
2583 5.71 14.75 34.04 48.79
e. injection (kWh) P,-RID (€/MWh) Profit for e. injection (€/year) — —
1061 5.17 5.49 — 5.49
Profit (€/year per user) 54.28

TaBLE 8: CEP costs and revenues per user number—2017.

n.users 1000 5000 10000 15000
Costs €180107 €340037 €523075 €716113
Revenues €56020 €280100 €560200 €840300

Considering EU’s 2050 goal (to increase the production
from renewable sources [16] to 80%-90% and improve the
load management [17]), in the analysis, a 100% of self-
consumption of the production capacity of RES plant (thanks
to new home automation technologies, storage systems, and
demand response software) (corresponding to a 76% of the
total annual electricity consumption) can be assumed for an

end-user with enabling technology (prosumer) and aggre-
gated. In this case, the end-user will not have an annual elec-
tricity bill more expensive than the one that it would pay in
the 2017 tariff scenario if it was not equipped with enabling
technology (see Table 12) and not aggregated.

In Table 12, the annual electricity bill is reported, com-
paring the case of the simple consumer, a prosumer with a
consumption of 70% with respect to the production capacity
of RES plant, and a prosumer with 100%.

From the results of Table 12, it is evident that the main
effort of the enabling technologies must be addressed to max-
imization of the electricity self-consumption percentage.

In the 2017 tarift scenario, only under the hypothesis of a
100% electricity self-consumption, the end-user achieves
convenience in the installation of a RES plant and enabling
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FiGUre 2: CEP costs and revenues 2017.

TaBLE 9: Yearly electricity bill 2016 vs. 2017 for the end-user not aggregated and aggregated.

SR Annual e. bill for end-user not Annual e. bill for end-user . Savings with premium
Year WDRg;, iy Savings .
ingUser aggregated aggregated price
2016 5620 kWh €1381.45 €1255.62 €125.82 (9%) €167.20 (12%)
2017 5620 kWh €1073.78 €1268.25 _51198%’)4)7 -€153.10 (-14%)
- (g

TasLE 10: Annual electricity bill 2017 with advantages.

% Annual e. bill for end-user not aggregated Annual e. bill (CEP) Savings with premium price
(1) max discount 7.16 €1216.06 -€142.28 (-13%)
(2) max premium 23.7 €1073.78 €1217.04 -€143.26 (-13%)
(3) max discount & premium 5.5+5.5 €1216.29 -€142.51 (-13%)

Total cost 2016 vs. 2017
1.600.00
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1.000,00 4 ¢ ¢ et
e
> 800,00 A F 4
(=3
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— — — Total cost 2017
FIGURE 3: Annual electricity bill cost 2016-2017.
technologies, and at the same time, the CEP reaches an eco- Naturally, under that hypothesis, the number of end-
nomic balance between costs and revenues. From the CEP users that guarantees the balance between the CEP costs
view point, this situation implies that there will not be a dis-  and revenues changes as reported in Table 13.
patching management being the energy produced by each It can be observed that the number of end-users is less

end-user entirely self-consumed. than the previous case (see Table 6) because the energy to
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Average cost per kWh 2016 vs. 2017
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FIGURE 4: Average cost 2016-2017.

TaBLE 11: Energy bills 2016 vs. 2017 and average costs.

Annual energy consumption (kWh) 2016 annual e. bill (€) 2017 annual e. bill (€) Delta (€) 2016 average cost 2017 average cost
500 142.66 188.02 -45.35 0.2853 0.3760
900 192.74 234.54 -41.80 0.2142 0.2606
1800 305.40 339.20 -33.80 0.1697 0.1884
2700 498.33 503.14 -4.81 0.1846 0.1863
3600 779.47 688.05 91.42 0.2165 0.1911
4500 1059.12 871.47 187.65 0.2354 0.1937
5400 1317.78 1033.91 283.87 0.2440 0.1915
5620 1381.45 1073.78 307.67 0.2458 0.1911
be purchased on the market is less due to the higher electric- (i) aggregation forms are more advantageous in terms
ity self-consumption percentage. of the number of end-users considering the 2017 tar-
Also, for this case, it has been taken into consideration iff scenario with respect to the 2016 one. This is
the possibility of applying an additional discount on PE. In because with the 2017 tariff scenario, despite the
Table 14, it is illustrated how the number of end-users increase in the CEP management costs, at the same
changes with increasing of the PE discount quadrupling with time, an increase of the profit margin in energy sup-
a PE discount of 20%. ply has been observed
A significant increase of the number of end-users is nec- ..
. (ii) the advantage for the aggregated end-user becomes
essary to compensate for the discount on PE (consequent sav- o . . .
L ; . . . . positive only in the case of self-consumption, which
ings in the bill despite the difficulties of the nonprogressive ! ) .
. is almost equal to the production capacity of RES
tariff) and to reach the balance between CEP costs and reve- . RS
: plant. This can be assumed realistic with the grow-
nues simultaneously. ! : .
ing of new technologies, efficient storage systems,
. and smart building systems. As reported in [19],
5. Conclusions in the short term, the expected and progressive
. . decrease in storage system costs will support the sit-
In thg .Ila.aper, the authors tr1e<.i to tl?rove thfat tl(llere is still t.he uation that will allow to achieve higher electricity
pOSSIbL ity to createbagggega(t;g; ordms 2 en -u(siers .mallrll- self-consumption percentage and to make more
talnlnig a common F enefit ( ik aﬁ Ienl.—usezr(s))w esp.lft; the competitive the energy cost of the self-consumption
new e ect}'laty tarl scenario ft e the t'a lan tarift sce- with respect to the cost of energy purchased from
nario, which from the analysis reported in [18] does not seem the grid [20]
to incentivise the electricity self-consumption. At this scope,
a CEP optimization model has been formulated suitable to (iii) in such a context, there is a lot of space for other pos-

each type of end-user (consumer, producer, and prosumer).

In the paper, the case of prosumer end-users equipped
with enabling technologies has been considered. In this case,
it can be observed that

sible configurations of new energy production sys-
tems defined in the Italian electricity market,
efficient system for users (in Italian, SEU) where
the end-user does not pay the RES plant but he pays
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TaBLE 12: The annual electricity bill in terms of electricity self-consumption percentage.

13

Consumer Prosumer (70%) Prosumer (100%)

WDRg;,quser total per year (kWh) 5620 kWh 5620 kWh 5620 kWh
WDRg0s5er from grid (kWh) 5620 kWh 2583kWh 1340 kWh
Annual SelfCons (kWh) 0kWh 3037 kWh 4280 kWh
Electricity cost (€) €1073.78 €480.24 €285.77
Technology instalment (€) 0 €788.00 €788.00
Average cost (grid) (€/kWh) €0.19 €0.19 €0.21
Average cost (self-consumption) (€/kWh) — €0.26 €0.185
Annual electricity bill 2017 (€) €1073.78 €1268.25 €1073.78

TaBLE 13: Cost revenues and users’ distribution—2017 (b).

Break-even point n.users % SelfCons % energy discount % premium price
Costscgp -€297648
7128 99% of production 0% 0%
Revenuesgp €297648
n.users WDRg;,quser (kWh)  WDR SingUser (kWh)  SelfCons (kWh)  INJg;oi5ser (KWh)  AnExEnp,,, (kWh)
Prosumer
7128 5620 (100%) 1340 (24%) 4280 (76%) 8 9555716
Revenuescp (e. supply)  Total energy cost (e. i?’;lr; u;es:?{fser) (;{ Ce;e;:fsggr) Total profit (e. supply + PCV)
€507981 €452030 €7.85 €34.04 €298604
AnExEny,; (e. sold in the market) €1249
PremPricecgp (premium price for producers) -€2205
Total €297648
TaBLE 14: Discount thresholds—2017.
% PE discount n.users prosumers Savings Costscpp Revenuesgp
0% 7128 — €297648 €297648
5% 8750 €3.92 €334210 €334210
10% 11328 €7.84 €392317 €392317
15% 16061 €11.76 €498971 €498971
20% 27583 €15.68 €758656 €758656

PE = 53.16 (6/MWh)

PUN =47.44 (€/MWh)

P,SUD =44.18 (€/MWh)

the electricity self-consumption at a price equal or
less than the price applied to the energy purchased
from the grid. In this case, however, other problems
arise, such as the huge initial investments needed to
provide the enabling technology to the end-users. It
requires a high level of participation by the end-
users towards a new energy business model

(iv) last but not the least, a certain stability of the elec-
tricity market regulation is required. The 2017 tariff
scenario is in an ever-changing situation, as demon-
strated by the evolution of the electricity tariff and
market regulations that tries to find solutions less
expensive to manage the grid despite the significant
development of the distributed generation

Data Availability

The energy platform and imbalance costs’ data used to
support the findings of this study are included within the
article as reported in the notes. Others as billing system’s
costs have been provided from the national service provider
based on specific quotation (https://www.terranovasoftware
.eu/it/). The national market energy price data used to sup-
port the findings of this study were supplied by the national
market operator (GME) and freely available at (http://www
.mercatoelettrico.org/en/) the section “Result&Statistics.”
The standard tariff data for the domestic consumer were
supplied by the national Authority (AREA) and freely
available at (https://www.arera.it/it/prezzi.htm) the section
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“Prices&Tariffs.” All other data used during the study have
been obtained as calculations and analysis.
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This work proposes a multicarrier energy hub system with the objective of minimizing the economy cost and the CO, emissions of a
residential building without sacrificing the household comfort and increasing the exploitation of renewable energy in daily life. The
energy hub combines the electrical grid and natural gas network, a gas boiler, a heat pump, a photovoltaic plant, and a
photovoltaic/thermal (PV/T) system. In addition, to increase the overall performance of the system, a battery-based energy
storage system is integrated. To evaluate the optimal capacity of each energy hub component, an optimization scheduling
process and the optimization problem have been solved with the YALMIP platform in the MATLAB environment. The result
showed that this advanced system not only can decrease the economic cost and CO, emissions but also reduce the impact to

electrical grid.

1. Introduction

As the climate becomes increasingly polarized today, the
demand for electricity and heating load of buildings also
increases daily, sometimes even accounting for half of the
total building energy consumption. Relying only on the elec-
trical grid and natural gas network input to meet customer
demand, energy utilization efficiency will be extremely low.
Not only can the grid meet a huge pressure during peak load
period, but it will also produce large amounts of CO, which
will aggravate urban heat island effect, which makes the
demand of polarization phenomenon more serious. In recent
years, although renewable energy generation has been greatly
developed, the constraint in terms of transport capacity of the

electrical grid still becomes a bottleneck of its participation in
energy supply. In last years, in order to provide a solution to
these limits, a large number of small renewable energy gener-
ators have been connected to the distribution networks [1].
An energy hub is a multicarrier energy system consisting
of multiple energy conversion, storage, and/or network tech-
nologies and is characterized by some degree of local control.
Conception of an energy hub (EH) system has been first
proposed on the research project “Vision of Future Energy
Network” by ETH, Zurich, in 2007 [2]. In this future vision
of energy networks, an energy hub system is a highly abstract
unit structure, providing a great opportunity for system
schedulers and operation workers to create a more efficient
system [3]. An energy hub is an initial part of a multienergy
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system, which can accommodate various forms of energy
input and diversified load types [4]. Because of this diversi-
fied form of energy carrier, the energy hub system can realize
collaborative optimization for various forms of energy [5]. In
order to ensure that the energy hub is operated under a
secure and economic and environmentally friendly condi-
tion, the research for energy hub systems mainly focuses on
the component type or the capacity of an energy hub and
the energy hub optimal dispatch [6-9]. Different from using
traditional flat traffic, Le Blond et al. [10] introduced
“dynamic traffic” to drive energy storage system operation
to control energy hub system operation under minimum cost
and CO, emissions. Beigvand et al. [11] proposed a new algo-
rithm named SAL-TVAC-GSA to dispatch energy hub eco-
nomic cost. In [9], Setlhaolo et al. present a residential
energy hub model for a smart home as a modified framework
of conventional energy hubs in a smart grid with consider-
ation of heat pump water heater, coordination of sources,
and carbon emission. Lingang Industrial Park is an engineer-
ing example [12], whose results provide a technical support
for the construction of a resource-saving and environment-
friendly harbour. In [13], a residential building and its elec-
trical equipment are modelled as an energy hub system,
including washing machine, dryer, HVAC system, refrigera-
tor, and lighting equipment, to minimize energy cost, carbon
emission, and peak load for optimal scheduling under the
premise of maintaining the comfort of the users. In addition,
a cloud computing framework is present to achieve the effec-
tive management of data and information. Ma et al. [8] pre-
sented a community micro energy grid in four different
scenarios on a typical summer day, and the roles of renewable
energy, energy storage devices, and demand response are dis-
cussed separately.

Due to the fact that an energy hub is an efficient means
for the optimal exploitation of renewable energy generation,
research focuses are generally concentrated on variable
kinds of energy inputs [14-16]. Sharif et al. [17] presented
a simulation model for an energy hub which major energy
source is renewable energy (wind and solar energy) and nat-
ural gas. Ha et al. [18] proposed an energy hub system for
residential buildings with solar energy and battery-based
energy storage systems, and the results showed that this
energy system structure conforms to the characteristics of
residential buildings’ energy consumption. Furthermore, it
can reduce costs and save energy consumption at the same
time. However, little research considers the integration of
PV/T systems into an energy hub. PV/T can generate water
heating and electricity at the same time [19], being an ideal
component for residential energy hub system. This paper
proposes a multicarrier energy hub (EH) system based on
solar PV and PVT systems and a battery-based energy stor-
age system. Moreover, an optimal scheduling strategy is
proposed to calculate the optimum capacity of each compo-
nent in order to minimize the energy cost and the CO,
emission. The optimization problem has been solved with
the YALMIP platform in the MATLAB environment. The
proposed EH system is tested for a residential application
according to the characteristics of buildings of apartments
in Zaragoza, Spain.

International Journal of Photoenergy

2. Description of the Building Simulation Model
and Optimization Process

A residential building located in Zaragoza, in the centre of
Spain, with a simple but typical architecture as shown in
Figure 1 has been simulated in EnergyPlus software. Cli-
matic parameters, including ambient temperature, solar irra-
diation, and wind speed, have been taken from the Zaragoza
local dataset. The simulation building is a 3-storey resi-
dential building, 1660.73 m? with five 3-bedroom apart-
ments per floor. It has been considered that 4 people live in
each apartment.

Solar irradiation in Zaragoza is abundant (see Figure 2),
so it is reasonable to introduce photovoltaic (PV) systems
or PV/T systems into energy hubs to decrease the energy
costs and the CO, emissions.

The electricity price has been calculated from hourly local
real-time price in Spain in 2017, as it is shown in Figure 3.
The considered gas prices were 0.0667 euro/kWh and
0.0865 euro/kWh according to Spain gas prices for house-
hold consumers, all taxes and levies included in the first
and second semester of 2017, respectively [20].

The daily energy consumption of the simulation building
for four seasons is shown in Figure 4; blue bars represent elec-
tricity (including air conditioning) consumption and red
curve represents heating demand (including heating and hot
water demand). The highest electricity demand can approach
220kWh per day (sum of the blue bar in Figure 4 for summer)
and the highest heating demand is approximately 55kWh
per day (sum of grey values in Figure 4, winter).

Relying only on the electrical grid and natural gas
network to satisfy electricity and heating demands of this
building, the economic cost is 11713 euro/year and the CO,
emission is 21711 kg/year (see Table 1).

An EH system has been so developed with the aim to
minimize the energy cost and the CO, emissions but also
for relief grid’s pressure. Firstly, in accordance with the build-
ing’s energy consumption pattern, an EH system with only a
gas boiler (GB), a heat pump (HP), a PV plant (PV), and a
PV/T system has been designed. A capital cost of 800
euro/kW has been considered for the GB and 1000 euro/kW
for the HP, both with an estimated lifetime of 20 years. In the
case of the PV plant, a capital cost of 1500 euro/kWp has
been considered (including inverter, wire, and protections)
and 700 euro/m” for the PVT systems and their lifetime has
been considered to be 30 years. Later, the EH system has been
improved with the integration of a BESS. The EH system
design has been optimized by the optimization scheduling
process as shown in Figure 5. The optimization problem is
solved by using Mixed Integer Linear Programming (MILP)
on the YALMIP platform in the MATLAB environment.
Since there are too many elements included in the EH sys-
tem, it is difficult to get the optimal solution directly through
a single-layer optimization process. Therefore, the EH system
design is threefold. Firstly, only the HP and the PV (with var-
iable efficiency) are considered as elements involved in the
operation of the EH system and for this configuration their
optimum capacity is obtained. Then, operating the EH sys-
tem under this optimum capacity, a PV/T (with variable



International Journal of Photoenergy

FIGURE 1: Building structure simulated in EnergyPlus software.
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FIGURE 3: Actual hourly real-time electricity price in 2007.

thermal efficiency) is introduced into the EH system and the
optimization schedule is solved again to calculate the optimal
PV/T capacity. Finally, the BESS is integrated and the final
optimal capacity of each element of the EH system is
obtained. The entire process is modelled taking into account
the dynamic price of electricity and natural gas.

The optimal operation model is formulated with the mul-
tiple objective of minimizing the entire cost, CO, emission,
and peak load:

T-8760

min Z Pele(t)pele(t)At + Pgas(t) ngas(t)At:| + Finstall +fO&M’
t-1

T—-8760 T

min Z Pele(t)Eele(t)At + Zpgas(t)Egas(t)At’
-1 -1

min Py*(t),

(1)

where P, (t) and Py, (t) represent the price of electricity and
gas from the main grid, respectively. E(t) and E,(t)
represent the CO, emission index of electricity and gas,
respectively. F, . represents the installation fee of all
components, and Fqg) represents the operation and man-
agement fee of all components.

Electricity balance constraints and heat balance con-
straints can be formulated as equations (2) and (4),
respectively.

Lele(t) = eele,grid(t) + eele,PV(t) + eele,PV/T(t)

- eele,hp(t) - Sele,B (t)’

(2)

eele,grid ( t) = Pele,grid ( t) ’/Iele,grid (t) >
€etepv (1) = Apy G(t) e pyv (1), (3)
€etepv/1(t) = Apy/rG(E)Maepyr (1)

where e (t) is the electricity supplied from the main grid,

ele,grid
€elepv(t) igs the electricity supplied from the PV panel, and
eqepysr(t) is the electricity supplied from the PV/T panel;
Apy and Apy,r are the surface areas of the PV panel and
the PV/T panels. G(t) is the solar irradiance. e, (t) repre-
sents the electrical input of the heat pump at time, which is
determined by heating balance constraints. And S, 5(t) is

the energy input or output from the battery.

Lheat(t) = hheat,grid(t) + hheat,PV/T(t) + hele,hp(t)’ (4)

{ hheat,grid ( t) = Pheat,grid ( t) rlheat,grid (t) > (5)

hheat,hp (t) = COPhp (t)eele,hp (t)’

where R,y oriq(£) and Aye,p, (£) represent the heating sup-
plied from natural gas net and heat pump, respectively, and
Pyearpysr(t) is the heat supplied from the PV/T panel.

Solving the layer-by-layer optimization is helpful to know
the impact of each element on the EH system and simplify
the solving process at the same time. The building perfor-
mance throughout the year is valuated with all the compo-
nents at its optimum capacity.

3. The EH Structure and Matrix Representation

The first structure of the EH system proposed for the build-
ing is shown in Figure 6. Initially, a gas boiler (GB), a heat
pump (HP), a PV plant (PV), and a PV/T system are consid-
ered besides the electrical grid and the natural gas network.
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FIGURE 4: Daily energy consumption of the simulation building for different seasons.
TaBLE 1: Cost, energy consumption, and CO, emissions for the traditional supply.
Cost CO, emission Gas consumption Electricity consumption
(euro/year) (kg/year) (kWh/year) (kWh/year)
11713 21711 20518 62589

The basic mathematical model of the EH system is [21]

L=f(P), (6)

where L expresses the energy (electricity and heating)
demand and considers the power supply.

The basic matrix function of the EH system can be
written as

L Ci1 €12 G 1
L, G1 €t Gy 2

= (7)
Ln nx1 it S22 Cum e Pm mx1

In this function, cijth is the coupling factor, which rep-
resents the conversion efficiency between the i" energy

input and the j™ energy output.

In this framework, the relationship between the demand
side and the supply side of the EH system is formulated with
a coupling matrix indicated as follows:

P

L=[C, G| | (8)
R

L=CP+C,R. (9)

Energy demand matrix L is equal to coupling matrix C
times the installed generating capacity of P and the renewable
energy R.

C, P can be developed as

P grid
CIP = [rlgrid rlheatpump ”boiler] P heatpump | > (10)

P boiler
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CIP = |:’1gridP grid + nheatpumpp heatpump + ﬂboilerp boiler] > (1 1)

i)

boiler,ele

Il

p boiler,heat

P
P

ngrid,ele grid,ele

ngridP grid ~ [

ngrid,heat grid,heat

P heatpump,ele

b
Pheatpump,heat ‘|

(12)

In (7), due to the value of 7, ;. 1 Pooilerele Which is equal

to 0, the equation can be represented as
C,P= .
r]grid,heatPgrid,heat + ’/Iheatpump,heatpheatpump,heat + r]boiler,heatpboi.ler,heat

(13)

rlheatpump P heatpump —
’/Iheatpump,heat

nboiler,ele

nboilerpboiler = [
nboiler,heat

r]grid,elep grid,ele + r]heatpump,elep heatpump,ele

C,R can be represented as

oy »

CR=| H v ] (14)
L eyt | [ Pevir

C,R= [ Mov.elePpv.cle + Mpv/melePpviT cle ] . (15)
| Tpv heatPPv neat + Mpv/T heat P PV/T heat

Because the value of #py 1,0 Ppy peat 18 €qual to 0, C,R can
be represented as

For each EH system component, the following parame-
ters are included: capacity, efficiency, capital cost, fixed cost,
variable cost, and lifetime as reported in Table 2. The electric-

Mpv,elePpv.cle + Mpv/T elePPV/T cle

C,R= (16)

nPV/T,heatPPV/T,heat

ity net emission factor considered is 0.28kg/kWh and
0.204 kg/kWh for natural gas [22].

In real-life application, the PV efficiency is not a constant
value; it varies with such parameters as solar irradiation,
environmental temperature, and PV panel surface tempera-
ture. The working temperature of the cells (T',) depends
exclusively on the solar irradiation G and the ambient tem-
perature (T,) according to the linear function

T,-T,=C,G, (17)

where C, is represented by

_ NOCT(*C) - 20
T 800 W/m?

(18)

2

NOCT in equation (18) is the nominal operating cell
temperature defined as the temperature reached by open
circuited cells in a module under 800 W/m? cell surface irra-
diance and ambient temperature of 20°C and so on. NOCT of
a typical commercial module is approximately 45 +2°C,
accordingly, C, is approximately equal to 0.3°C/(W/m?).

Therefore, if the PV nominal power value under STC
condition (P,) is known, it will be possible to figure out
the PV power value at any time via

G
:P_

P
"Gsrc

m

[1=y(Tc-25)], (19)

where Gg is the irradiation under standard test conditions
(STC), which is equal to 1000 W/m”.,

In a conventional PV plant of crystalline silicon, the con-
version efficiency is in the range 15%-20% so 75% to 80% of
the solar energy is not being used effectively [22]. Besides, the
unused solar energy will heat up the panel, causing a decrease
in the efficiency of the electricity generation.

Transferring the thermal energy to a heat transfer fluid,
we obtain useful thermal energy and refrigerate the photo-
voltaic cells at the same time. This system, which can make
use of solar light and thermal simultaneously, is called
photovoltaic/thermal integrated system (PV/T system)
(Figure 7).
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TaBLE 2: EH system component parameters.

Component name  Efficiency (%) Capital cost (€/kW or €/m?) Fixed cost (€/kW) Variable cost (€/kWh) Lifetime (years)
Gas boiler 70 800 10 0.02 20
Heat pump 3.2 (COP) 1000 8.7 0 20
PV Variable 250 2 0 30
PV/T Variable 700 10 0 30
Heating
output
Opto-thermal
Solar transformation
irradiation \ J
Heat
transfer
N A
Photoelectric Electricity Auxiliary heati
transformation output - uxiiary healing
FIGURE 7: The schematic of the PV/T system.
The calculation about the thermal part of the PV/T Energy
. direction Q
system is shown as follows: d
Qs=Gx Ag (20) Q (YYY Q| (YY) Ruons
chl’thQs, 21 _Qu
Q.
QC =Cpw X mwg X (twe_c - tws_c)’ 22

(21)
(22)
Qd =AC X Ud X (twe_c - tO)’ (23)
(24)

Qcons =cpwxm, X (td_ini - tpipe)’ 24

inct
J (QC - Qd - Qcons) =Cpw X mwy X (td_ﬁn - td_ini)
0 (25)

=cpwxm, X (tconsig - td_ﬁn) .

Qg represents the radiation projected onto the PV plane, Q.
is the heat absorbed by the panel, 7, is the heating efficiency
of the PV/T systems, mw,. is the fluid mass under the panel,
twe o and . . are output and input temperature of under
panel fluid, respectively, Q, is the heat loss of natural con-
vection heat transfer between the tube and the environment,
and t, represents the ambient temperature. Q. refers to
the heat loss of direct heat transfer between the fluid in
the pipe and the pipe wall. ¢, ,; and t4 ;, are fluid input
and output pipe temperature, respectively. f,;.. is the tem-
is the final demand fluid

temperature. Q, is the auxiliary energy supply. The thermo-
dynamic relationship characterizing the PV/T is shown in
Figure 8.

In addition, the thermal part of the PV/T system
efficiency #, is influenced by many factors, such as

perature of pipe shall and ¢

consig

F1GURE 8: Thermodynamic relationship in the PV/T systems.

solar irradiation and pipe fluid temperature, as repre-
sented in

(Te B Ta)

G (26)

Hp =My — 1 X —a; X

In this equation, 7, means the optical performance of the
PV/T system, a, and a, are the thermal loss coefficients, in this
paper set as 3.3 (W/m?)/K and 0.018 (W/m?)/K>, respectively,
and I represents solar irradiation. T, is the average value of
pipe fluid temperature and T, is the ambient temperature.

First of all, the scale of the PV/T system water tank is
shown in Table 3.

D,\*
deﬂ 7 Hd’

D 2
Ad =2 <7d> + ﬂDde.

(27)

(28)

The temperature of the PV and PV/T panels is shown in
Figure 9. Obviously, the PV/T surface temperature is higher



TaBLE 3: Hot water tank dimension.

Name Signal Value Unit
Tank volume Vi, 0.326 m?
Panel surface area A, 3.26 m>
Tank height H, 0.744 m
Tank bottom diameter D, 0.744 m
Tank surface area Ay 5.22 m?
351 60
0] 0 S AT S >
/ ' 50
25 1 / \
§ .,' . \ 45
g 20 F 40
2, o/ YA
g 15 ! N 35
3] Ly V- =
= [ N 30
10 ; ,, S
I s N 25
> Sty 20
0 15
0 10 20 30
Time (hour)
--- PVinJan - PV/T in Jun
PV/T in Jan --=- PVinJun

FIGURE 9: Panel temperature comparison between the PV and PV/T
systems.

than the PV panel in summer season. In order to decrease the
PV/T surface temperature, the hot water tank size should be
enlarged. In this case, the hot water tank size is related to
panel area, when V /A, value is increased from 0.1 to 0.2,
the hot water tank will become bigger gradually. Figure 9 pre-
sents the panel temperatures for V /A =0.2.

The thermal efficiency of the PV/T system is shown in
Figure 10.

The average daily electricity generation for 1 m* PV and
PV/T panel with an 18% efficiency is shown in Figure 11
for every month. A PV/T system can generate more electric-
ity in winter months and part of spring and autumn.

4. Energy Hub Results

The optimum values of the EH system components’ capacity
for the building under analysis were calculated in a previous
paper [22] for a 20kW HP and 65m? of PV systems. With
the combination of PV+PVT, the best results were obtained
for a HP of 20kW, 36m” of PV modules, and 30m” of
PV/T. With the operating condition of 20kW HP and
65m? of PV systems, the cost reaches the minimum value
10727 euro/year. The CO, emission achieved 13560 kg/year
at the meantime. Comparing these values with the total sup-
ply of electricity and heat from the electrical grid and natural
gas network, respectively (see Table 1), a reduction of 8.42%
in cost was obtained with a reduction of 37.54% in CO, emis-
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FIGURE 10: Daily efficiency for different months.
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FIGURE 11: Average daily electricity generation for 1 m* of PV and
PV/T panel for every month.

TaBLE 4: Cost, electricity and gas consumption, and CO, emissions
for the optimal sizing (20kW of HP, 36 m? of PV, and 30 m? of
PV/T).

Cost Electricity Gas CO,

(euro/year) consumption consumption emission
Y (kWh/year) (kWh/year) (kg/year)

10470 43800 4419 13100

sion. Otherwise, the results considering the optimal capacity
of PV/T and PV systems (36 m* of PV and 30 m” of PV/T)
are shown in Table 4. Compared with the result shown in
Table 1, a great improvement is reached. A decrease of
10.61% in cost with a reduction of 30.02% in electricity con-
sumption and 60.07% in gas consumption is achieved. A
reduction of 39.66% in CO, emissions is also obtained.

5. Energy Hub with a Battery-Based ESS

The renewable generation is sometimes greater than cus-
tomer’s demand and part of electricity generated from a
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TaBLE 5: Advanced EH system performance for several BESS .
sizes. § 0.18 A
%
.. <}
f:;iec?t’y Cost cﬂzi;ngltti}c;n CO, emission 3
Y 0.16 A
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go
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10 10165 41410 12450 T electricity orice for diff
12 10214 41340 12430 F1GURE 13: Daily electricity price for different seasons.
15 10230 41280 12410

In this work, the battery is optimally charged and dis-
charged to compensate the generation fluctuation of the PV
and PV/T. The BESS dynamic model used is

PV plant must be injected into the electrical grid or

wasted. In order to improve the EH system performance, t p,

a BESS is integrated. The BESS provides a solution in ExSOC, =ExSOC + ¢, Z {nch,}, - —’y}, I1<t<N.
case the renewable energy cannot be injected due to the =1 (e

regulation code (zero-injection schemes) or due to techni- (29)
cal restrictions at that time. It is even able to provide

voltage and frequency support and contribute to demand ) ) ) o

response procedures such as peak shaving. So, the E is the BESS capacity, SOC, is th.e initial SOC of the
advanced EH system structure is shown in Figure 12 with ~ BESS, SOC, is the SOC at the given time f, P, and Py,

the BESS integrated. are the continuous variables at time step y, and tSZ;:I’/Ich,y
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FIGURE 14: Energy structure in the proposed energy hub for different days of the four seasons.

and tSny:l(Pb)ylnd) are the BESS energy during the charging

and discharging period, respectively.
BESS constraints are applied to the model:

0.2<80C, <08, t=1,--,N, (30)

Py, x Py, =0, t=1,---,N. (31)

N is the number of sampling intervals; in this case, it
is 8760.

The capacity limits are given in equations (30) and (31),
which does not allow the BESS to charge and discharge at
the same time. This constraint also permits the idle state
of BESS.

The BESS involved here is an ideal model, which has a
linear charge state and a SOC around 0.2 to 0.8. The optimi-
zation objective of BESS is the same as the previous system,
minimum cost and minimum CO, emission. Due to the
economic goal of the whole system, the BESS will be
charged during the low electricity price period, and when
the electricity price is high, it will discharge energy to satisfy
the demand.

Now the matrix of this advanced EH system is shown
as follows; S is the storage coupling matrix and E is the
storage energy.

L=C,P+C,R-SE. (32)

Table 5 shows the results of the simulation for differ-
ent sizes of battery. The lowest cost is obtained for a bat-
tery of 10kWh of capacity. Comparing with the results of
Table 4, 2.91% cost and 5.46% CO, emission will be saved.
Comparing with the results of Tables 1, 13% cost, 42.7%
CO, emission, and 33.8% will be saved. Therefore, the
simulation results confirm that adopting the proposed
advanced EH system and the related optimization schedul-
ing process not only significantly promotes efficiency and
cost savings but also provides relief from the global pres-
sure of greenhouse effect.

Four representative days for the four seasons of the year
have been selected. Daily electricity prices for these days are
presented in Figure 13. In Figure 14, the energy absorbed
from PV, PV/T, and electrical grid for these representative
days is shown.
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F1GuRrE 15: Comparison between electrical grid supply without the EH system and with the advanced EH system for different representative

days for the four seasons.

Sometimes the supply is not totally equal to the demand
due to the presence of BESS. When electricity price is high,
the EH system avoids the supply of electricity from the elec-
trical grid. In Figure 14, it is easy to find out that the EH sys-
tem generates more electricity than the demand in autumn
and winter which is related to the fact that electricity price
is higher in these two seasons; indeed, the EH system chooses
discharging via BESS to meet the customers’ demand.

During the high demand hours, the EH system showed
an outstanding performance for reduction of the absorption
of energy from the electrical grid (Figure 15). Calculating
according to that high demand hours from 8:00 a.m. to
16:00 p.m., the EH system can reduce 65.3%, 61.6%, 57.9%,
and 33.9% absorption from the electrical grid. Meanwhile,
during this period, 6.21 euro, 7.95 euro, 6.37 euro, and 4.14
euro are saved per day, respectively, for this building. Besides,

due to the function of BESS, the electrical grid will supply
more electricity when the price is relatively low.

6. Conclusions

This paper proposes an advanced multicarrier energy hub
integrating not only generation components such as PV
and PV/T systems but also a battery-based energy storage
system to improve the performance. The optimal capacity
of each component of the multicarrier energy hub in order
to minimize the energy cost and the CO, emissions is based
on the use of an optimization scheduling process solved on
the YALMIP platform in the MATLAB environment. The
simulation results confirm that large-scale utilization of
the proposed approach will lead to significant cost and
CO, savings.
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The main objective of this work is to create a daily updated database that includes all components of solar radiation, either energetic
or spectral radiation. This will lead us to quantify the Moroccan solar potential and to determine the dimensions of all types of solar
thermal and photovoltaic systems. Consequently, the obtained database will be the fundamental support for engineers, designers,
and all organizations interested in developing solar systems, in different regions throughout Morocco. It will also be a basic tool for
researchers in modelling and simulating the new solar systems. Firstly, we used one year’s worth of measurements of the different
components of the solar radiation, provided by the National Meteorological Department, to establish the extrapolation equations
between the global radiation at the reference site and the global radiation of twenty-eight other sites. As well as with the same
measurements, we developed the correlation equations between the global solar radiation and the other solar radiation
components. Secondly, from ten years of Fez station’s daily global radiation measurements and through the extrapolation
equations, we were able to estimate the global radiation of all Moroccan cities. Then, by using the obtained global radiation data
and the correlation equations, we predicted the other components of solar radiation. Subsequently, with a new measurement
campaign carried out on several sites, we validated the estimation models by using the usual statistical indicators. In addition,
we compared our results with those obtained by other estimation models. The resulting differences for each solar component
display the advantage of our model with errors under 6%. To facilitate the use of our results, we compiled them into maps
representing the spread of solar radiation across Morocco.

1. Introduction

The various applications of solar energy developed in recent
years have increased the need for solar radiation compo-
nent data. However, in most cases, there are not enough
stations covering the entire country, and the existing sta-
tions do not measure all energetic and spectral components
of solar radiation.

To remedy this problem, several works using different
prediction models have been developed to estimate these
solar components around the world. Among these
models, we can cite physical models, empirical models
[1-3], artificial neural network models [4-7], hybrid

models using a combination of several methods [8, 9],
and the models based on the satellite images data [10, 11].
Thus, the physical models are based on physical parame-
ters, which estimates the global radiation from insolation
duration [12, 13], meteorological variables [14, 15], and
spatial variables [16] in different sky conditions [17, 18].
Also, this model predicts the diffuse solar radiation [19]
from the global radiation [20], the insolation duration
[21], or the clarity index [22, 23] in different climatic
zones [21] and in different sky conditions [24, 25]. How-
ever, the same parameters have been used to predict the
direct [26], inclined [27] solar radiation and spectral solar
components [28, 29].
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TaBLE 1: Linear models for estimating daily global solar radiation.

Estimation models Equations R Regions
Lemmini’s model [32] K,=0.25+049 ¢ 0.92 Beni-Mellal, Morocco
Bargach’s model [31] K,=027+050 0.9 Rabat, Morocco
Nfaoui’s model [33] K,=0.26+0.52 ¢ 0.93 Rabat, Morocco
Zou et al’s model [7] K,=0.208+0.559 ¢ 0.91 Tengchong, China

TaBLE 2: Quadratic and cubic models for estimating daily global solar radiation.

Estimation models Equations R Region
Ben Kaddour’s model [34] K,=0.18+0.83 0 - 0.31 o’ 0.93 Casablanca, Morocco
Zou et al.’s model [7] K, =0.185+0.5870 +0.037 0> - 0.032 0° 0.93 Aletai, China

This work aims at establishing a solar data bank of
energetic components (H;, H,;, H,j, and Hp;) and spectral
components (Hyp» Hpag, and Hyg) all over Morocco. How-
ever, this work will be completed in two main steps as follows:

(i) First step: we will establish the extrapolation equa-
tions to estimate the global solar radiation. Then,
we will develop the correlation equations to estimate
the other solar radiation components

(ii) Second step: we will use the obtained extrapolation
equations to generate the global solar radiation for
twenty-eight sites from reference station data. Then,
we will bring together the correlation equations and
the estimated global radiation to generate the solar
energetic and solar spectral component

The obtained results will be subject to a validity test, by
comparing them with the measurements collected in avail-
able stations. In addition, we will compare our results with
those obtained by other estimation models [7, 30-34].

Finally, all results will be presented in maps [35-38]
showing all over Morocco.

2. Review of Solar Component
Estimation Models

All solar energy conversion systems require knowledge of the
solar radiation component measurements. However, in most
cases, these measures are not available. For this reason,
several studies have been carried out for estimating the com-
ponents of solar radiation from different variables such as the
duration of insolation, the fraction of insolation, and the
coeflicient of clarity.

2.1. Global Solar Radiation Estimation Models. The simplest
model for estimating solar radiation is the linear model
developed by Angstrom and after revised by Prescott. This
model establishes a direct relationship between the global
solar radiation and the insolation fraction [39].

The Angstrom-Prescott model is as follows:

K,=a+bo, (1)

where a and b are empirically determined regression
constants.

Based on the linear model, several studies have been per-
formed to predict global solar radiation. Among these
models, we can cite the models in Table 1.

Other models have been developed such as the quadratic
model and cubic model. Among these models, we can
mention the models in Table 2.

2.2. Diffuse Solar Radiation Estimation Models. The value of
diffuse solar radiation constitute an important data in the
study of solar conversion systems. However, several works
have focused on the prediction of this component and this
by using different variables such as the clarity index K,.
Among these works, we found the following:

(i) Ben Kaddour’s model [34]

K;=0.961+0.456K, - 3.344K; + 1.67K; (2)

(ii) Nfaoui’s model [33]

0.98, K, <0.1,
d= )

~1.48K? +0.15k, +0.98, K,>0.1,
R=0.93

(iii) Wang et al.’s model, Injinagaui, China [25]

K,;=14.7924K} - 23.95K; + 11.1612 K}
—2.4767 K, +1.1665, (4)

R=0.88

3. Data Description

3.1. Used Data. The Laboratory of Solar Energy and the
Environment (LESE) of Mohammed V University of
Rabat, Morocco, has, since 2008, a network of five
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TaBLe 3: The geographical data of the measuring stations’

locations [40].

Measuring station Latitude () ® Longitude () A Altitude (m)

Agadir 30.38 -9.57 18
Al-Hoceima 35.18 -3.83 12
Beni-Mellal 32.37 -6.4 468
Bouarfa 32.52 -1.95 1100
Casa 33.57 -7.67 56
Dakhla 23.77 -15.93 10
El Jadida 33.23 -8.52 27
Essaouira 31.52 -9.78 7
Ifran 335 -5.17 1663
Kenitra 343 -6.6 5
Laayoun 27.17 -13.22 63
Larache 35.18 -6.13 46
Marrakech 31.62 -8.03 463
Meknes 33.88 -5.53 548
Midelt 32.68 -4.73 1508
Nador 35.15 -2.92 7
Nousar 33.37 -7.57 200
Quarzazate 30.93 -6.9 1136
Oujda 34.78 -1.93 465
Errachidia 31.93 -4.4 1037
Safi 32.28 -9.23 43
Sidi Ifni 29.37 -10.18 49
Sidi Sliman 34.23 -6.05 51
Tangier 35.72 -5.75 15
Tantan 28.6 -11.08 229
Taza 34.22 -4 509
Tetouan 35.57 -5.33 5
Rabat 34 -6.83 75
measuring stations installed in Rabat, Fez, Tangier,

Tetouan, and Marrakech. These stations measure all com-
ponents of solar radiation and climatic variables such as
the following:

(i) Energy components: global, diffuse, and direct solar
radiation, as well as the overall inclined plane

(ii) Spectral components: ultraviolet, infrared, and syn-
thetically active light solar radiation

(iii) Climatic variables: ambient temperature, relative
humidity, wind speed, wind direction, and
precipitation

In addition to these measures, the National Meteorologi-
cal Department has made available to us one year of climatic
variables and solar component measurements for 29 stations
of the national network.

Table 3 represents the geographical data of the measuring
stations’ locations.

3.2. Acquisition of Data. For each station, the following
instruments record the measurements of the different com-
ponents of the solar radiation [41]:

(i) The Kipp & Zonen brand SP-Lite pyranometer for
global solar radiation measurements (2% accu-
racy). The same type of instrument was used to
measure the diffuse radiation, but with a sun visor
strip to hide the direct radiation

(ii) Pyrheliometer mounted on a follower type Eppley
model NIP 31820 E6 to measure direct solar radia-
tion (accuracy 0.5%)

(iii) Total Ultraviolet Radiometer (TUVR) model, type
Eppley for measuring the total solar ultraviolet
radiation (accuracy 2%)

(iv) Radiometer model NIP 31820 E6, type Eppley,
for the measurement of radiation infrared
(precision 0.5%)

(v) Quantum sensor SKP215, type Campbell Scientific
for the measurement of photosynthetically active
radiation PAR (accuracy 0.5%)

(vi) Anemometer equipped with a wind vane model
wind monitor 05103, type Campbell Scientific, for
the measurement of wind speed and direction
(accuracy 0.25%)

(vii) Temperature and relative Humidity Probe
HMP45C, manufactured for Campbell Scientific
by Vaisala (temperature accuracy 0.2%, humidity
accuracy 1%)

(viii) Rain Gauge ARGI100, manufactured by Environ-
mental Measurements for Campbell Scientific, to
measure precipitation (accuracy 4%)

3.3. Storing Data. All instruments mentioned before are con-
nected to a data acquisition unit (CR10X) with a storage
module. Using a computer program, we integrate the mea-
surements collected every 5 seconds over an hour. The
obtained hourly values are stored in the raw data files.
Then the raw data files are processed and tested to detect
and eliminate erroneous values and replace some missing
values. In the end, the hourly values are integrated to
obtain the daily values.

3.4. Characteristics and Description of the Reference Site. The
Fez station has been selected as a reference site because of its
central geographical location. This city is known as the
cultural capital of Morocco (33° 56'N, Longitude 4° 99'W,
elevation 579 m) characterized by a seasonal climate, cold
and rainy during winter, dry and warm during summer,
and mild during spring and autumn [42].

The radiometric station was placed at the top of the
Faculty of Science and Technology of Fez’s building. The site
of the station is completely clear of any shadow effect.

Statistical analysis of this station’s data shows a very small
percentage of missing or erroneous data (15 erroneous or



TaBLE 4: The equations used for the global radiation extrapolation
in Morocco.

Site Agire Dgte R?

Agadir 0.79 994 0.89
Al-Hoceima 0.94 -181 0.85
Beni-Mellal 0.94 409 0.8
Bouarfa 0.81 780 0.8
Casa 091 322 0.82
Dakhla 0.7 1907 0.84
El Jadida 0.95 50 0.89
Essaouira 0.89 539 0.83
Ifran 0.97 -52 0.83
Kenitra 0.97 -15 0.83
Laayoun 0.8 1285 0.85
Larache 1.01 -383 0.87
Marrakech 0.9 672 0.84
Meknes 0.95 -14 0.85
Midelt 0.85 740 0.81
Nador 0.95 -214 0.85
Nousar 0.95 92 0.86
Quarzazate 0.85 1151 0.83
Oujda 0.96 -81 0.79
Errachidia 0.76 1372 0.78
Safi 0.96 214 0.78
Sidi Ifni 0.63 1341 0.78
Sidi Sliman 0.96 -75 0.85
Tangier 0.97 -114 0.81
Tantan 0.65 1534 0.77
Taza 0.94 -29 0.85
Tetouan 1 429 0.83
Rabat 1.03 -317 0.93

missing values over 250 390 measured values or 0.006%)
throughout the 10-year measurement period (2009-2018).

4. Presentation of the Method

This work aims at establishing a solar data bank of energetic
components (H;, H,;, Hy;, and Hp;) and spectral compo-
nents (Hyyp, Hpap> and Hpg) all over Morocco. However,
this work will be completed in two main steps: firstly,
we used one year’s worth of measurements of the different
components of the solar radiation, provided by the
National Meteorological Department, to establish the extrap-
olation equations between Fez’s global radiation and the
global radiation of twenty-eight other sites. As well as with
the same measurements, for each sites, we developed the cor-
relation equations between the global solar radiation and the
other solar radiation components. Secondly, from ten years
of Fez station’s daily global radiation measurements and
through the extrapolation equations, we were able to estimate
the global radiation of all Moroccan cities. Then, by using the
obtained global radiation data and the correlation equations,

International Journal of Photoenergy

TaBLE 5: Correlation equations for the daily values of the spectral
components of solar radiation (Wh/m?) in function of global solar
radiation H (Wh/m?) for the three sky conditions.

Clarity index intervals Correlation equations R?
H,, =0.048H 0.97
K,<0.35 Hyppp = 0.488 H 0.99
Hy=046H 0.99
H,, =0.044H 0.97
0.35 <K, <0.65 Hppg = 0.484 H 0.99
Hy =0.471H 0.99
H,, =004H 0.98
K,>0.65 Hyppp =0.478 H 0.99
Hy =0.478 H 0.99

TaBLE 6: The performance of models used to estimate daily solar
irradiation for the Rabat site.

Number
of values

RMBE , € \APE RMSE
difference

Global radiation 5.42 252 12.14 14.88 290
Diffuse radiation  -3.63 -77 12.71 15.82 257
Direct radiation 1.45 21.6 14.68 17.52 234
Inclined radiation -6.21 -365 6.35  7.46 323

we predicted the other components of solar radiation
(Hj’ Hy;, Hyjs Hpjs Hyyrs Hpygs and Hy ).

Thus, we have been able to build a database of different
components of solar radiation over ten years for the 29
Moroccan sites. In the end, all the obtained results were
tested and validated by using a new series of measurements
carried out on the five mentioned stations.

5. Extrapolation and Correlation Equations for
Daily Solar Components

5.1. Extrapolation of the Daily Global Solar Irradiation. The
estimation of global solar radiation can be effected by using
several methods, such as the empirical model, ANN model,
and satellite imagery. However, the use of these models
requires knowledge of several variables and the availability
of a database that spans several years. On the other hand,
databases are not often available, especially for isolated sites.
As a result, to remedy this problem, we developed, as part of
this work, an extrapolation method to estimate the global
solar radiation. Primarily, this method consists of estimating
the global radiation at site where we do not have measure-
ments, from the global radiation measured at another site.
In the first step of this method, from one year of measure-
ments of global radiation for all Moroccan sites, we looked
for to establish correlation equations between the global
radiation of the different sites and the global radiation of
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FIGURE 1: Comparison between measured and estimated values of global radiation.

5000

4500 SRR e R EERREEREE SERRE SRR

4000 4 . S
3500 4 - - SRR

sooo {-- - MMk RN IR n.
2500 - S f , , ”]\ ,,,,, ,,,,,

Daily Diffuse Solar Radiation

' J
2000 4 [l 19 /NP
AL AU 1 ; M
1500 + - - | A Wv
1000 4 - A PEL L /!
9 FSUU SRR SR U SUDUL SOPOS ANR
O T T T T T T T
0 50 100 150 200 250 300 350
Day of the year
—— Measured
—— Calculated
@

5000
4500
4000
3500
3000
2500
2000
1500
1000

alculated diffuse solar radiation

C
w
S
o S
1

0 1000 2000 3000 4000
Measured diffuse solar radiation

5000

® Calculated
— Y=X
Trend curve

(b)

FIGURE 2: Comparison between measured and estimated values of diffuse radiation using the Collares-Pereira and Rabl’s model.

the reference site. For this, we plotted the global radiation
values for each site (H j) according to the global radiation
values of Fez’s site (H f), chosen as a reference site.

The obtained shape of the cloud point led us to linear cor-
relations of the type:

szasiter+b (5)

site*

The coeflicients of correlations ag,. and b, depend
strongly on the geographical coordinates of the site and the

status of the atmosphere [43]. Table 4 gathers the obtained
values from these coefficients for all Moroccan sites.

5.2. Daily Diffuse Solar Irradiation Estimation. The diftuse
component is an important factor for evaluating the per-
formance of solar thermal or solar photovoltaic systems.
However, several models, involving the clearness index
K,=(H;H,) [44], have been made to estimate this compo-
nent. Among these models, we can cite the Ruth and Chant’s
model, the Collares-Pereira and Rabl’s model, and the Liu
and Jordan model [45].
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FiGgure 3: Comparison between measured and estimated direct radiation values.

To find the valid model for Morocco, we compared the
estimated diffuse by the mentioned models with the mea-
sured diffuse. Then we concluded that the Collares-Pereira
and Rabl’s model is the most adequate because it produces
a minimal error that does not exceed 5%. This model is
illustrated by the following equations [42]:

0.99; K, <0.17,
| 14.648 K* — 21.856 K> +9.473 K? — 2.272K, + 1.188;0.17 < K, < 0.8.

(6)

Knowing the diffuse solar irradiation, the direct
solar irradiation can easily be inferred by the following
equation [46]:

H,j=H; - Hy;. (7)

5.3. Estimation of Daily Global Solar Irradiations on an
Inclined Plane. The solar flux received by an inclined sur-
face consists of three components: a direct component
from the solar disk, a diffuse component from the entire
celestial vault, and a component reflected by the
surrounding soil.

The estimation of the direct component is completed by
simple geometric transposition of the direct irradiation of a
horizontal plane H;;. On the other hand, for the diffuse
component, several models have been proposed for its esti-
mation [45, 47, 48]. Consequently, an earlier study showed
that the isotropic model of Liu and Jordan is the most valid
for our sites [49]. Most of the cases, the reflected component
is the lowest of the three components, and it is generally
assumed isotropic.

TaBLE 7: Errors obtained according to clarity index using Rabat
measurements.

Hyyr relative
error (%)

Hp s relative
error (%)

Hy relative
error (%)

K,<0.35 3.8 24 2.2
0.35<K, <0.65 1.0 1.8 2.1
K, >0.65 1.0 1.1 1.1

The general expression of the inclined daily global solar
irradiation with an angle 3 is given by [49]:

1+ cos (B)
2

diffuse

1 - cos (f3)
—
reflected

direct

(8)

R, is the transposition factor of the direct radiation from
a horizontal plane to an inclined plane. It was calculated for a
south-oriented plane, by the equation as follows:

_ cos (6;) - cos (¢ = B) - sin (w;g) +wjg - sin (3;) - sin (¢ — B)
b cos (6j) - cos ((p(p-sin (wj) +w, - sin ((Sj) -sin (@)
wig= min {ar cos (—tan (6]-) -tan (¢), ar cos (—tan ((Sj) -tan (¢ — ﬁ)},

)

is the time angle of the sunset on the

>

where wjg

inclined plane.

The values taken by the tilt angle f3, correspond to the
characteristic inclinations relative to the latitude of each site:
B=¢, f=¢+20, B=¢-20, and =90 corresponding to the
vertical facades.

5.4. Estimation of the Spectral Components of Solar Radiation.
Some applications of solar energy require knowledge of the
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Diffuse H;and direct Spectral component estimation
Hy, radiation estimation Hyyp Hpapo Hig

| {

Daily solar data bank for Morocco

Inclined radiation
estimation H .
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F1GURE 4: Flowchart of the building steps of the daily solar data bank for Morocco.

TaBLE 8: Sample data file resulting from different estimations.

Year Nj(day) Global Diffuse Direct Inclined (¢+20) Inclined (¢-20) Inclined () Inclined (90) Hyyr Hpar Hpp

2011 1 2808.4 1164.7 1643.7 4683.6 3552.5 4375 4171.9 123.6 1359.3 13228
2011 2 2766.6  1202.5 1564.1 4526.3 3470.8 4246.2 4015.1 121.7 1339 1303.1
2011 3 24355 1396.1 10394 3499.8 2894.4 3383.5 3018.3 107.2  1178.8 1147.1
2011 4 2515.6  1368.7 1146.9 3710.5 3021.7 3565.1 3217.8 110.7 1217.6 1184.8
2011 5 26299 1318.1 1311.8 4028 3208.8 3836.5 3520.3 1157 12729 1238.7
2011 6 28442 11925 1651.7 4669 3574.9 4378.7 4136.5 125.1 1376.6 1339.6
2011 7 2396  1444.7 9513 3314.2 2805.5 3235.5 2827.6 1054 1159.7 1128.5
2011 8 2797.1 1250  1547.1 4458.7 3472.3 4209.8 3922.6 123.1 1353.8 13174
2011 9 2608.6 1375  1233.6 3860 3139.2 3708 3341.1 114.8  1262.6 1228.7
2011 10 3083.6 1077.5 2006.1 5291.3 3954.6 4918.1 4715.2 135.7 14925 14524
2011 11 3201.2 1010.7 2190.5 5617.9 4147.9 5198.1 5022.8 128  1530.2 1530.2
2011 12 2695.6  1368.1 1327.5 4022.1 3256.3 3857.7 3480.8 118.6  1304.7 1269.6
2011 13 32284 10244 2204 5613.5 4167.3 5206 5002.4 129.1 1543.2 1543.2
2011 14 31304 1110.8 2019.6 5265.8 3982.2 4918.6 4660.2 137.7 1515.1 14744
2011 15 3253.6 1042.2 22114 5595.9 4181 5203.6 4967.9 130.1 15552 1555.2
2011 16 3160.8 1126.4 2034.4 5264.7 4005 4930 4642.1 139.1 1529.8 1488.7
2011 17 2880.3 1341.1 1539.2 4373.3 3507.7 4181.2 3783.1 126.7 1394.1 1356.6
2011 18 32393 11148 21245 5395.9 4106.4 5055 4748.2 142.5 1567.8 1525.7
2011 19 22722 15939  678.3 2748 2531.8 2782.5 2248.4 100 1099.7 1070.2
2011 20 3094.1 12685 1825.6 4850.4 3821.8 4606.8 4210.1 136.1 14975 1457.3
2011 21 3321.7 1132 2189.7 5464.3 4190.8 5136.6 4781.2 146.2 1607.7 1564.5
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FIGURE 5: Maps of the monthly average values of daily global irradiations on a horizontal plane, coming from Morocco. Maps of global solar
radiation on a horizontal plane (a-d).

spectral components of solar radiation, namely, the ultravio- ~ The photosynthetically active component noted as Hp g
let component (Hy;y) which is involved in the study of the ~ (photosynthetically active radiation) intervenes during the
atmosphere and the variations in the ozone layer thickness. ~ photosynthesis process and plant development; knowing the
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Hyp g value at various sites allows for the appropriate choice of
adapted crops. Lastly, the infrared component Hyy is used by
satellite techniques to determine the total atmospheric col-
umn of the water vapor used by meteorology for the climate
prediction [50].

Based on one year’s worth of measurements of the differ-
ent components of the solar radiation provided by the
National Meteorological Department, we noticed that the
variations of the global radiation and the spectral compo-
nents, functioning in time, have the same rate. As a result,
we searched correlation equations connecting the global solar
radiation to the spectral solar radiation.

For this, we graphed each spectral component according
to the global radiation, which gave us linear equations of the
form y=ax. To improve the correlation coefficients, we
defined three intervals according to the meteorological state
of the day characterized by its clearness index K, [51]. The
results are presented in Table 5.

6. Performance Evaluation and
Model Validation

To evaluate the quality of the models used to estimate the
solar radiation components, we compared the estimated

values generated by the different models against the mea-
sured values by using the usual statistical indicators such as
the relative error (RMBE), the mean absolute error (MAE),
the mean absolute percentage error (MAPE), and the mean
squared error (RMSE) [34, 38].

RMBE = 100 2ico(pi —m;)
Z?:Omi
MAE = Z?ZO'Pi - mi|
N b
R (10)
MAPE = _Z Y Ty 100|,
NiZl om

1 > —m;)2
RMSE = g Zz:O(pz ml) .
m N

6.1. Validation of Energy Component Models. Using the
measurements provided by the Solar Energy and Envi-
ronment Laboratory’s station network, we were able to
calculate the statistical indicator and validate the estima-
tion models. However, these calculations were effected
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FIGURE 7: Maps of the monthly average values of daily diffuse irradiations on a horizontal incident plane in Morocco. Maps of diffuse solar
radiation on a horizontal plane (a-d).

for all sites previously mentioned. Table 6 and  6.2. Validating Spectral Components. The formulas for esti-
Figures 1-3 are examples of the obtained results for the = mating the spectral components of solar radiation from the
Rabat Site. measurement of global solar radiation were developed
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according to the state of the day characterized by its K, clarity
index. The results in Table 7 revealed that the proposed
models estimate the spectral components with remarkable
accuracy since the maximum deviations obtained do not
exceed 4%.

For all obtained equations, we found that the conditions
of the sky (overcast, moderately covered, and clear) have a
significant influence mainly on the Hyy/H; fraction. This
result is similarly found to the one in Brazil [52]. An estimate
of the ultraviolet component that ignores the state of the sky
can induce an error of up to 10%. However, the Hp,r/H; and
H,y/H; fractions are less influenced by cloud cover.

7. Application: Building a Ten-Year Database

After having established and validated the extrapolation and
correlation equations, we applied them to estimate the differ-
ent solar radiation components for the different Moroccan
sites. The obtained results constitute a solar data bank for
all over Morocco for ten years.

Figure 4 represents the flow-chart summarizing all the
steps followed for generating all solar components from the
site of the Fez.

8. Representative Year

In preproject studies that aimed at sizing solar systems or
characterizing the solar radiation potential, it is often neces-
sary to have a minimum of data. Therefore, it is essential to
compact the database. Consequently, after having estab-
lished, for each site, a database for ten years, we were obliged
to select a representative year of this database for facilitating
the database exploitation.

To determine the representative year, we proceed as fol-
lows: for the ten years of estimated values, we calculated an
average year. Then, this average year is successively com-
pared to each one of the ten years of estimated values. Conse-
quently, the year with the minimum difference is selected as
the representative year.

This work was done for all sites and led us to select
2011 as the representative year for the period between
2009 and 2018.

9. Results

After having established and validated the various compo-
nents of solar radiation, we created a solar data bank for
all over Morocco. Thus, for each city, the obtained results
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FIGURE 9: Maps of the monthly average daily direct irradiation in the Moroccan territory. Maps of direct solar radiation on a horizontal

plane (a-d).
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were grouped in two files easily usable; the first one con-
tains the solar components over ten years between 2009
and 2018, and the second contains the solar components
of the representative year. However, this second file has
the advantage of providing the maximum of climatic
information on a site with a minimum of data. This type
of file is requested especially for the preliminary project
studies.

Table 8 represents a sample data file resulting from differ-
ent estimations.

In addition, to give an overall view of the results, we pro-
jected the obtained values of the solar irradiations on the
Moroccan map. Furthermore, In order to reduce the number
of figures, we chose to represent only the monthly averages of
the daily values of the midseason month of the representative
year. Thus, for all cities, we obtained twenty-three maps that
gather the various solar irradiations. As a result, for each of
the four solar components (global, direct, diffuse, and
inclined), we have five maps; four of them represent seasonal
values and the last one represent the annual cumulative
values. The obtained maps are shown in Figures 5-12. The
three spectral components (H 1, Hpr» and Hyy) are shown
in Figure 13.

Finally, in order to evaluate the variation of solar radia-
tion components, we calculated, for each solar component,

the monthly averages of the daily values (Table 9) and the
minimum (Table 10) and maximum (Table 11) daily values
for each month of the representative year. Caused by the
large number of stations, only the results obtained in Rabat’s
station are presented in Tables 9-11 (minimum, maximum,
and averages of the daily values for each month of the
representative year).

10. Discussion

From the obtained results in Tables 6 and 7 and the curves in
Figures 1-3, we can conclude that the correlation between the
estimated and measured solar energy resources has a good
level of precision. This was reflected in the following
observations:

(i) The annual average of daily relative errors for ener-
getic components of solar radiation does not exceed
5.42% for global radiation, -3.63% for diffuse radia-
tion, and 2.32% for direct radiation

(ii) The comparative curves show that the measured and
estimated values of solar radiation undergo almost
the same variations throughout the year and the dif-
ferences that do not exceed 12.14% for global
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FIGURE 11: Maps of the monthly average values of the daily global irradiations on inclined planes (3 = the site latitude). Maps of the global

solar radiation inclined with § =the latitude’s site (a-d).
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radiation, 12.71% for diffuse radiation, and 17% for
direct radiation. This result is approved by compar-
ing the cloud of points generated by representing
the estimated values in function of the measured
values, with the first bisector, which gave almost
identical trends

(iii) For the spectral components, the relative errors do
not exceed 3.8% for Hyyp, 2.4% for Hp,p, and
2.2% for Hx

When we compared our results with those obtained
by other authors’ models, we noticed that our method
diminished the differences between estimated and measured
values. In brief, the results of this comparison are shown in
Table 12.

Regarding the maps in Figures 5-12, we notice that the
Moroccan territory receives a very important sunshine dur-
ing all seasons. However, there is an unequal distribution of
solar resources between regions. This inequality is reflected
by maximum values of radiation in the south and south-
east regions such as Ouarzazate, Er-Rachidia, Laayoun, and
Dakhla and by minimum values of solar radiation in the
north regions such as Tangier, Tetouan, and the coastal zone
between Agadir and Tan-Tan where there is a microclimate.

In addition, the spectral component maps show a sim-
ilar distribution compared to the global radiation maps,
reflected by intense irradiations in the south and south-east
regions and low radiations in the north and the microclimate
zone. The linear aspect of the estimation equations connect-
ing the spectral components to the global radiation explains
this result.

11. Conclusion

Through this work, we have been able to create a database
that brings together the different components of solar radia-
tion at daily scale over a period of ten years from 2009 to
2018. This database regroups more than one million daily
values (1,058,500 values), which divides into 36,500 values
for each site.

To create this databank, at first, we developed a model to
estimate the different components of the solar radiation, and
then we validated this model by comparing the estimated
values with the measurements provided by installed stations.
As a result, the validity tests showed that our model presents
minimal errors that do not exceed 5.42% for global radiation,
3.8% for Hyy, 2.4% for Hp,p, and 2.2% for Hyy. In addition,
we compared our results with those obtained by other
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FIGURE 13: Maps of the annual cumulation of daily irradiations of the spectral components of solar radiation (Hyyr, Hpag, and Hyg) on the
horizontal plane incident in the Moroccan territory. Maps of solar radiation spectral components (a—c).

estimation models developed around the world. The results
of this comparison showed the advantage to our model with
errors do not exceed 6%.

To get the general idea about the solar radiation distribu-
tion over all Morocco and considering the large number of
data, we chose to present the obtained results in maps. In
order to reduce the number of figures, we chose to represent

only the monthly averages of the daily values of the midsea-
son month for the representative year and the annual cumu-
lative solar irradiations for the same year. As a result,
twenty-three maps of solar radiation were generated.
Consequently, we have been able to complete and to
update the various works affected in our laboratory, and
we have been able to build a complete, clean, and precise



International Journal of Photoenergy 17

TABLE 9: Representative year monthly averages of various solar radiation component daily values (Wh/m?).

H; Hy; Hy, Hgj (B=¢+20)  Hg (B=¢-20)  Hp (B=¢)  Hg(B=90)  Hyyr  Hpar Hy
Jan 2552 1302 1250 3772 3072 3627 3252 112 1235 1200
Feb 3881 1471 2409 5271 4556 5223 4247 162 1864 1843
Mar 4493 1966 2527 4718 4848 5075 3273 189 2162 2131
Apr 5382 2401 2981 4704 5511 5409 2822 231 2595 2542
May 5859 2825 3035 4489 5777 5414 2491 251 2825 2769
June 6942 2723 4220 4900 6722 6129 2459 299 3390 3334
Jul 6668 2727 3941 4900 6522 6029 2546 293 3312 3255
Aug 5742 2552 3191 4743 5788 5571 2723 273 3077 3020
Sept 5001 1878 3124 5051 5349 5526 3327 227 2655 2638
Oct 4231 1383 2848 5533 4913 5559 4313 177 2076 2064
Nov 2585 1196 1503 3820 3117 3681 3264 116 1312 1290
Dec 2470 1024 1508 4129 3128 3855 3682 119 1374 1358

TaBLE 10: Representative year monthly maximum values.

H; H,; H,  H(B=¢+20)  Hg (B=¢-20) Hg (B=¢)  Hy(B=90)  Hyyr  Hpar  Hp
Jan 3322 1635 2211 5618 4191 5206 5023 146 1608 1565
Feb 5050 2044 3759 6730 5919 6743 5481 206 2414 2414
Mar 6463 2786 4797 6837 6940 7249 5021 259 3090 3090
Apr 7253 3273 5212 6370 7360 7257 3695 298 3467 3467
May 8140 3570 6084 5837 7962 7312 2922 326 3891 3891
June 8192 3575 5999 5556 7895 7115 2684 338 3916 3916
Jul 7832 3652 5563 5522 7612 6944 2887 337 3833 3833
Aug 7072 3320 4551 5452 7018 6600 3069 312 3683 3683
Sept 5883 2981 4175 6065 6185 6416 4235 276 3303 3303
Oct 5285 2424 3907 6523 6034 6688 5344 224 2659 2659
Nov 3688 1843 2669 5953 4630 5638 5109 163 1946 1946
Dec 3061 1459 2151 5530 4016 5083 4984 139 1583 1583

TaBLE 11: Representative year monthly minimum values.

Hj de th H;;j (B=¢+20) H;;j (B=¢-20) H;;j (B=¢) H;;j (B=90) Hyyr Hpar Hp
Jan 1176 1011 59 1051 1185 1167 776 56 574 541
Feb 1884 1074 179 1712 1911 1893 1258 90 919 867
Mar 1114 1103 11 936 1103 1061 672 54 544 512
Apr 886 877 9 741 876 842 531 43 432 407
may 1843 1825 18 1536 1821 1747 1099 89 900 848
June 3303 2193 316 2693 3254 3101 1856 159 1612 1519
Jul 4885 2052 2109 3620 4758 4403 2039 138 1407 1327
Aug 3996 1815 833 3346 3986 3840 2201 173 1904 1853
Sept 2418 1563 171 2265 2494 2502 1592 89 900 848
Oct 2778 801 823 3052 3003 3189 2371 39 395 372
Nov 931 397 315 734 1049 1003 411 19 196 184

Dec 679 616 1 659 702 712 359 30 304 286
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TaBLE 12: Relative errors (RMBE) calculated from the values generated by different methods of estimation and the measured values.

Solar components Our estimation Nfaoui’s Lemmini’s Bargach’s Benkaddour’s  Zouetal’s  Wangetal’s
P methods methods methods methods methods model model

Global solar radiation 5.42% -11% -14.7% -10.6% 14.13% -17%

Diffuse solar radiation -3.63% 12.76% -8% 11.7%

database covering all Morocco over a period of ten years.
This database covers the basic needs of engineers, installers
of solar systems, and especially researchers who often need
a long-term database.

Nomenclature

H; Daily global solar radiation on horizontal surface
(Wh/m? day)

Hgy;: Daily diffuse solar radiation (Wh/m?* day)

Hpg:  Daily global solar radiation on tilted surface
(Wh/m? day)

Hy;: Daily beam solar radiation (Wh/m? day)

Hj: Daily global solar radiation of Fez’s site (Wh/m?
day)

Hyyp:  Daily ultraviolet solar radiation (Wh/m” day)

Hpag: Daily photosynthetically active radiation (Wh/m?
day)

Hy:  Daily infrared solar radiation (Wh/m? day)

H: Daily extraterrestrial solar irradiation (Wh/m?* day)

Iy Solar constant 1 367 W/m*

@: Latitude of the place (°)

o: Solar declination (°)

R%: Correlation coefficient (%)

RMBE: Relative error (%)

MAE: Mean absolute error (%)

MAPE: The mean absolute error percentage (%)

RMSE: The mean squared error (%)
K,: Daily clearness index

K, Daily diffuse fraction

o: Insolation fraction.
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In recent years, the introduction of the photovoltaic generation system (PV system) has been increasing by promoting the use of
renewable energy. It has been feared that the reverse current from the PV system may cause an unacceptable level of voltage rise
at the interconnection node in the power distribution system. This paper discusses the effects of the reverse current on the
voltage rise and fall characteristics of the interconnection node and the voltage profiles along the power distribution line. When
the line current on the circuit is small, the voltage on the line monotonically increases from the sending end to the receiving
end. When a relatively large current flows, it causes a voltage reduction near the distribution substation. Furthermore, on the
basis of the voltage aspects in the power distribution system with a large PV system, the allowable limits of the line current and

the output power from PV system are investigated.

1. Introduction

In recent years, photovoltaic power generation systems (PV
systems) have been encouraged and its introduction into
the electric power distribution systems is being advanced as
a matter of national policy in Japan. Numerous studies on
the influence of interconnecting large PV systems on the
power quality of the electrical power system have been
performed [1-5]. It has been feared that a rise in voltage
may be caused by the reverse current from the PV system
in the power distribution system [6].

In general, the voltage rise due to the PV system in a
distribution system is expressed by the magnitude of a
reverse power flow. Several investigations have been con-
ducted on the method of voltage regulation in a distribution

system with a PV system. There has been growing recogni-
tion that the reactive power control of a PV system is useful
in compensating for the voltage fluctuation which results
from solar irradiance conditions [7]. The power factor
control for distributed generation in a distribution network
has been proposed to mitigate the voltage rise due to the
active power output from the distributed generation [8]. It
was suggested that the magnitude of reactive power injection
from a PV system connected to a low-voltage grid was
determined by the voltage sensitivity matrix [9]. A static
var compensator (SVC) installed in a low-voltage distribu-
tion network has been proposed for suppressing the voltage
rise due to the reverse power flow from the PV system [10].
A voltage regulator with a tap changer is also useful as a
countermeasure against the voltage rise in the distribution
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system. It was proposed that multiple line drop compensa-
tions controlled the tap position of a load tap changer in
the distribution substation for the purpose of voltage regula-
tion [11]. An online control strategy for the tap position has
been proposed by using the measurement data of voltage,
power, and tap position and the state estimation for the
purpose of minimizing the number of tap operations [12].

On the contrary, the voltage reduction in a distribution
feeder due to the reverse power flow from large-scale PV sys-
tems has been reported [13, 14]. As mentioned above, it is
well accepted that the reverse power flow from a PV system
causes the voltage rise in a distribution system. In [13, 14],
the authors indicated that the voltage in a distribution feeder
decreased with the increase in the reverse power flow from
the PV system in cases where the reverse power flow is
drastically larger than the supply power to the load in the
distribution system. We showed from basic circuit theory
that the large reverse current from a PV system might cause
a reduction in the voltage of the interconnection node in the
case of a long distribution line [15]. We also qualitatively and
quantitatively indicated the effects of the distribution line
length on the voltage rise and fall characteristics at the
interconnection node [15].

This paper discusses the effects of a reverse current on the
voltage rise and fall characteristics at the interconnection
node and the voltage profiles along a power distribution line.
Furthermore, the allowable limits of the line current and the
output power are investigated on the basis of the voltage
behavior in the power distribution system.

2. Distribution System Model

Figure 1 shows a single-phase equivalent circuit of a power
distribution system with a large PV system at the receiving
end. It is supposed that the distribution substation (sending
end) voltage is V =6.6kV, the line impedance per unit
length is r + jx, and the reverse line current is I. The total line
impedance is (r + jx)D for the whole line length of D.

In Japan, after the introduction of the Feed-in Tariff
(FIT) scheme in 2012, large capacities of photovoltaic gener-
ators (PV) have been constructed in rural areas. These rural
areas are relatively far from load centers where substations
are located, and so, large capacities of PV are connected near
the end of 6.6kV distribution feeders. Therefore, no load is
assumed in order to fundamentally investigate the influence
of only the PV system.

3. Vector Diagram of Voltage

3.1. Vector Locus of Receiving-End Voltage. In this section,
our previous paper [15] is briefly reviewed. Figure 2
illustrates the vector diagram among the receiving-end
voltage V_, sending-end voltage V, and the inverse current
I from the PV system. Here, the power factor is 1 and the
whole length of the line is D. The locus of the voltage vector
V., with an increase in I is indicated by a bold solid line. A
circle centered on point “0” and having the sending-end
voltage V as its radius is drawn by a dashed line.
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FIGURrk 1: Single-phase equivalent circuit of a power distribution
system.

Vr

\0

Vs

R+ jX =(r+jx)D /e
FiGure 2: The locus of the receiving-end voltage vector.

The ratio of rDI and xDI is always constant. As the
current increases, triangle “abh” consisting of RI(=rDI)
and XI(=xDI) becomes similarly large. Triangle “abh” rep-
resents the magnitude of the voltage rise at the receiving
end due to the line impedance and the reverse current I.

In this case, although the current I is in phase with the
voltage V., the phase of the current I as well as the voltage
V. is advanced compared to the voltage V by the angle of
0. As the current increases, the phase angle 6 increases and
finally becomes 0 = 71/2.

Angle “dba” is always a right angle regardless of the mag-
nitude of the inverse current I. Therefore, the locus of the
receiving-end voltage V. is drawn with a circular arc whose
diameter is shown by line “ad.”

The tangent line at point “a” to the circle drawn with a
dashed line is shown by a one-dot chain line. Point “q” is
the intersection point between the bold solid line and the
one-dot chain line. The maximum receiving-end voltage

V _max 1S given by line “oq.”

3.2. Expression of the Receiving-End Voltage. From Figure 2,
the magnitude of the receiving-end voltage is expressed by
the following expression:

V,(I)=rDI + 4/ V? - (xDI)%. (1)
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Using V2—(xDI)*>0 due to voltage stability, the
allowable range of the current I is deduced as

VS

0<I<—. (2)
xD

The allowable limit of the current I is also represented as

1%
o= - 3)

The magnitude of the maximum receiving-end voltage
becomes

Vs
Vr—max - sin ((P) > (4)

where tan ¢ = x/r.
When V, =V, the current I is given by the following
expression:

2rVy
Izﬁ, at vV, =V, (5)

where z = v/12 + x2.
From the abovementioned expressions, the following
facts are found out:

(1) With an increase in the sending-end voltage V, both

I.and V_ . become large

(2) Thus, even if the receiving-end voltage V, becomes
higher than the allowable voltage range, V, could
fall within the allowable range by decreasing V..
However, the decrease in V; might cause the opposite
effect to reduce the allowable limit of the current I

(3) V,_ i is independent of D and I but depends only on
the line impedance. When the magnitude of the
resistance component of the line impedance becomes
relatively smaller than that of the reactance compo-
nent, V.__is suppressed to be low

(4) The allowable limit of the current I, I, is in inverse
proportion to the product of D and x, that is, the
whole reactance component of the line. I, is
independent of the resistance component

(5) When the whole length or the reactance component
of the distribution line becomes larger, the allowable
limit of the current I becomes smaller

(6) Thus, the voltage instability is likely to be caused by
an increase in D

3.3. A Case Study on the Receiving-End Voltage as a Function
of Line Current. As a case study, the dependence of the
receiving-end voltage V. on the line current is calculated
for the line impedance of 0.3 + j0.4 O/km and a whole line
length of 25km. Figure 3 shows the receiving-end voltage

V., as a function of the line current I; = I/1/3. In this figure,

3
[ 5
81 Vi l N
! P 4.35
| |
’; I N\l 4
. v | N o
Nl 4 \ 1~ S
[ i\ )
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FIGURE 3: Receiving-end voltage as a function of the line current in
the case of r + jux = 0.3 + j0.4 O/km and D = 25 km.

sending-end voltage V,=6.6kV and output power of the
PV system, P, =V I=+/3V I, are also drawn with a one-
dot chain straight line and with a thin solid line, respectively.
In this case, the receiving-end voltage V| is increased
with an increase in the line current until I; =229 A. After
the receiving-end voltage V, indicates a maximum magni-
tude at I; =229 A, the voltage V', begins to be reduced with
an increase of I;. At I; =366 A, the magnitude of the voltage
V. becomes the same as that of the sending-end voltage V.
When the line current increases to more than 366 A, the
receiving-end voltage becomes less than the sending-end
voltage. The allowable maximum line current is 381 A.
Concerning the output power of the PV system, P,
increases with an increase in the line current until the line
current reaches 341 A, where P, is at its maximum. In the
range of I} =229 A to 341 A, although the receiving-end
voltage V. decreases with an increase in the line current I,
P, continues to increase with an increase in the line current
I, because of the small decreasing rate of V.. When the PV
system is controlled to keep the output current constant,
the output current from the PV system can be enlarged to
larger than 341 A, while the output power must be reduced.

4. Voltage Profile along the Line

4.1. Vector Diagram. Figures 4-8 illustrate the vector diagram
of the voltage vector V; on the line away from the sending
end by a distance d.

In Figure 4, triangle “agk” indicates the magnitude of the
voltage rise of V; due to the line impedance. The vector end
point of V; moves on line “ab” with an increase in the
distance d because the line impedance is directly propor-
tional to d.

Figure 5 shows the vector diagram where the receiving-
end voltage becomes maximum. Line “ab” exists outside of
the circle of the one-dot chain line. Therefore, the voltage
V; is always larger than the sending-end voltage, and V
rises with an increase in d.



FIGURE 4: Vector diagram of voltage in the case of a relatively small
line current.
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FIGURE 5: Vector diagram of voltage in the case of the maximum
receiving-end voltage.
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FIGURE 6: Vector diagram of voltage in the case of a relatively large
line current.
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JXI k Vs I

Y

FIGURE 8: Vector diagram of voltage in the case of the allowable
limit of line current.

In the case of Figure 6, line “ab” exists partially in the
inner side and the outer side of the one-dot chain line
circle. Therefore, the voltage V; is smaller than V near
the sending end, whereas V; is larger than V near the
receiving end.

On the other hand, Figures 7 and 8 indicate the vector
diagram at V.=V, and at the allowable limit of the line
current, respectively. In these figures, line “ab” is in the inner
side of the one-dot chain line circle. Therefore, the voltage V;
is always smaller than the sending-end voltage V.



International Journal of Photoenergy

4.2. Expressions of Voltage Profile along the Line. From
Figure 6, the voltage V,; at the node far away from the
sending end by d is given as follows:

V,=1/gm? + mo’ ©

= \/[(ed) sin (L)) + [V, + ()] cos (M),

where 1 =0 + ¢,

ng=COL (7)

S

4.3. Dependence of Voltage Profile on Line Current. As a case
study, the voltage profile along the power distribution line
described in Section 3.2 (r+jx=0.3+;0.4Q/km) was
estimated as a function of the line current. Figure 9 shows
the voltage profiles derived for the line current of 112 A,
229, 319A, 341 A, 366 A, and 381 A. Consequently, the
following results were found:

(1) When the line current I} is 112 A, the voltage V,
increases almost proportionally to d

(2) When I; becomes 229 A, where the sending-end
voltage V. is at its maximum, the profile of the
voltage V,; shows a downward convex waveform.
However, the voltage V; is always higher than the
sending-end voltage until the line current is 229 A

(3) When I, becomes more than 229 A, the voltage V,
strongly shows a similar tendency as stated above so
that V; begins to be lower than 6.6kV just near the
sending end

(4) When I; is 319 A or 341 A, the profile of the voltage
V; consists of the lower zone near the sending end
and higher zone near the receiving end

(5) When I, reaches 366 A, the voltage at the receiving
end coincides with the voltage at the sending end.
The voltage V; is always smaller than the sending-
end voltage

(6) When the line current reaches 381 A, which is the
allowable limit of the line current, the receiving-end
voltage V, and the voltage V ; are always smaller than
the sending-end voltage

(7) Inthe case of r + jx = 0.3 + j0.4 Q/km and D = 25 km,
the line current at more than 381 A cannot flow safely
due to equation (2).

4.4. Dependence of Voltage Profile on Line Length D. In this
section, the dependences of the voltage distribution along
the line on the whole line length D are discussed for two
distribution lines, whose impedances are 0.3+ j0.4 and
0.15 + j0.4 Q/km. The latter impedance is one with a wire

r+ jx=0.3+ j0.4 O/km
1 D=25km

I, =229A

N
(o)) (o)} ~
1 L 1

Voltage V4 (kV)

3 T T T T T T
0 10 20 30

Distance from substation d (km)

FIGURE 9: Voltage profiles as a parameter of the line current for the
whole line length D = 25km (line impedance of 0.3 + j0.4 Q/km).

thicker than that of the former one. In Figure 10, the voltage
profiles along the line are illustrated as a parameter of the
whole line length D for the line current of 262 A, which
corresponds to the output power of 3,000 kW based on the
rating voltage of 6.6kV.

The following results can be pointed out:

(1) In the case of D=5km, the voltage V; increases
almost proportionally to d

(2) In the case of D = 10 km, the profile of the voltage V,
shows a downward convex waveform

(3) When the whole line length D is shorter than 21.8 km
for r+jx=0.3+0.4Q/km or 12.8km for 0.15+
j0.4Q/km, where the receiving-end voltage V.
becomes maximum, the voltage V; is always higher
than the sending-end voltage

(4) When D is longer than 21.8 km or 12.8 km, the profile
of the voltage V; consists of the lower zone near the
sending end and the higher zone near the receiving
end compared with the sending-end voltage

(5) When D reaches 34.5km or 23.9 km, the voltage at
the receiving end coincides with the voltage at the
sending end. The voltage V, is always smaller than
the sending-end voltage

(6) When D is larger than 34.5km or 23.9km, the
receiving-end voltage V, and the voltage V; are
always smaller than the sending-end voltage

(7) In both cases of r + jx =0.3 + j0.4 Q/km and 0.15 +
70.4 Q/km, the line current of 262 A cannot flow
safely through the power distribution system of
which the whole line length D is more than 36.3km
due to equation (2)
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F1GURrE 10: Dependence of the voltage profile on the whole line
length D at a line current of 262 A.

5. Effect of Output Power from PV System

5.1. Voltage Power Characteristics and Allowable Limit of
Output Power from the PV System. Figures 2 and 4 give the
following expressions:

(V,=rDI)* + (xDI)* = V2,
(8)

V2 -2rDIV, + (rDI)* + (xDI)* = V2.
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Using P, = VI, equation (8) is reduced as follows:
P\’ P\’
VZ - 2RP, + <rD—r> + (xD—r) =Vz
V., V. (9)
Vi— (2rDP, + V})V} + (zD)*P} = 0.

This equation has the following roots:

o (DR VD)4 \/ (2rDP, + V2)? — 4(zD)P?
r .
2

(10)

Thus, the voltage-power characteristics are represented
by the following expression:

V2+20DP, +/V!+4rDV2P, - 4(xD)P?
v, = .
2

(11)

The real root must exist:
V! +4rDV?P, - 4(xD)*P? > 0. (12)

Consequently, the allowable output power is expressed
as follows:

+ 2+ 2
0<P, < ’27 ”Zvag. (13)
X

This equation suggests the following facts:

(1) The allowable limit of the output power from the PV
system is proportional to the square of the sending-
end voltage. Thus, the allowable limit can be enlarged
by the rise of the sending-end voltage

(2) The allowable limit is inversely proportional to
the whole line length D. Therefore, the long power
distribution system cannot be allowed to introduce
the larger-power PV system compared with the
short-line power distribution system

(3) The resistance component of the line impedance
becomes the smaller, and the allowable limit of the
output power is reduced

5.2. Dependence of Receiving-End Voltage V. on Output
Power P, from the PV System. The solid line in Figure 11
illustrates the dependence of the receiving-end voltage V.
on the output power P, derived from equation (13) for the
line impedance of r+ jx=0.3+ ;0.4 Q/km. In this figure,
the corresponding line current I; is also plotted as a function
of the output power P.. The solid lines in this figure show that
the maximum magnitudes of P, and I; are 436 MW and
341 A for 0.3 + j0.4 O/km, respectively. In the case of 0.3 +
70.4 Q/km, V. is always higher than V.

As described in Section 3.3, if the PV system is strongly
controlled to keep the line current constant, the line current
could be enlarged to more than 341 A by reducing the output
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F1GURE 11: Dependence of the receiving-end voltage V. on output
power P, for the whole line length D =25km (line impedances of
0.3 + j0.4 Q/km and 0.15 + j0.4 Q/km).

power. However, when the PV system is controlled to keep
the output power constant, P, and I; are limited to the
abovementioned magnitudes.

The dashed lines in Figure 11 shows the ones for 0.15 +
j0.4 Q/km, which is the impedance for the thicker wire
compared to the abovementioned wire of 0.3 + j0.4 W/km.
In the case of this line impedance, the maximum magnitudes
of P, and I} are 3.14 W and 312 A, respectively. These magni-
tudes are smaller than the ones for 0.3 + j0.4 Q/km.

It is pointed out that the use of the thicker wire brings
about the reduction of the voltage rise, but concurrently the
allowable limit of the output power of the PV system must
be decreased.

5.3. Dependence of Voltage Profile V ; on Output Power from
the PV System P,. Figures 12(a) and 12(b) show the voltage
profiles as a parameter of the output power P,, the former
for r + jx = 0.3 + j0.4 /km and the latter for r + jx=0.15+
j0.4 Q/km. In Figure 12(a), only four voltage profiles can
be seen, which are the same as those of the upper four
profiles in Figure 8, because of the allowable range of
the output power.

In Figure 12(b), five profiles are drawn. In the case of
0.15 + j0.4 Q/km, when the output power from the PV sys-
tem is larger than 2.86 MW, the receiving-end voltage V.
and the voltage V; are always smaller than the sending-end
voltage V. However, the allowable limit of the output power
is 3.14 MW, which is smaller than that of 0.3 + j0.4 Q/km. It
should be noted that if the thick wire is used as the power
distribution line, too much reduction of the voltage might
be caused by the large output power of the PV system.

6. Conclusion

The voltage rise and fall characteristics caused by the intro-
duction of large PV systems into a long power distribution
system is studied in this work by using vector diagrams of a
single-phase equivalent circuit.
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FIGURE 12: Voltage profile V ; as a parameter of output power P, for
the whole line length D = 25km.

When the line current on the circuit is small, the voltage
on the line monotonically increases from the sending end to
the receiving end. When a relatively large current flows, it
causes a voltage reduction near the distribution substation
even if no load exists.

The allowable limit of the output power from the PV
system can be enlarged by the rise of the sending-end voltage.
However, it heightens the receiving-end voltage and the volt-
age profile. It should be noted that the small resistance com-
ponent of the line impedance prevents the rise of the voltage
and also reduces the allowable limit of the output power.

Data Availability

The data used to support the findings of this study are
included within the article.
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