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ABSTRACT The presence of power generating plants owned by prosumers may lead to unbalanced
bidirectional energy flows at the points of connection to the relevant distribution systems. This will impact
future energy communities, where appropriate metering within the community is a crucial issue for billing
purposes. This paper shows that the current metrics for active energy measurement and the registration of
three-phase revenue meters may fail to fairly charge unbalanced prosumers for their use of the distribution
system as an inherent phase-to-phase balancer. On the other hand, it is proven here that adopting metrics based
on positive sequence power/energy measurement would lead to more fair billing within the community. A
comparative study was performed using a simplified but realistic model of a distribution system feeding two
prosumers (i.e., an archetype of an energy community). First, representative case studies were considered.
Then, a more realistic simulation of a single day of operation was conducted. The main contribution of
the paper is a detailed and systematic comparison of the methods used for measuring and sorting energy
into registers in revenue meters to support the ongoing discussions about fair metering within future energy
communities.

INDEXTERMS  Distribution system utilization, energy community, prosumers, revenue metering, symmet-

rical components.

I. INTRODUCTION

HE increasing penetration of distributed generation

(DG), predominantly in low-voltage (LV) networks,
allows energy generation to be closer to energy consump-
tion. This will reduce transmission and distribution losses,
as widely accepted and demonstrated, being one of the
objectives for energy communities. On the other hand, DG
causes bidirectional energy flows that significantly change
the paradigm of the energy flow in a distribution system (DS)
and affects the energy registration [1], [2], [3]. Furthermore,
both the generation and consumption of power may become
unbalanced, leading to a voltage imbalance and increased
losses in the DS [4], [5], [6], [7], [8].

Historically, the active energy flow was unidirectional and
any additional losses due to a power imbalance were tolerated
in favor of simplicity, with limits fixed for imbalance indexes
[9]. Accordingly, energy registration using revenue meters

(RMs) for billing purposes was settled and simplified to
obtain a single value of accumulated active energy for a three-
phase system.

In this framework, customers became both consumers and
producers of energy (i.e., prosumers), with their own energy
goals. Moreover, energy communities, consisting of con-
sumers, producers, or prosumers, are becoming an emerging
concept to increase the overall efficiency of DSs. This nat-
urally results in bidirectional, unbalanced, and time-varying
active energy flows. In the RMs used for bidirectional energy
flow measurement, the accumulated active energy is addi-
tionally sorted according to the energy flow direction [10].
The registered consumed/generated energy values in RMs are
further used for 1) billing the cost of active energy generation
in power plants and 2) billing the distribution fees.

Additionally, the power quality criteria, and thus the
effectiveness of the energy transfer, might be included and
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evaluated: 1) by means of a special quantity (e.g., the reactive
power/energy [10] or effective apparent power [11]) or 2)
the increase (decrease) in the consumed (generated) energy
by values that objectively reflect the corresponding losses.
Nevertheless, the bill is considered fair if it reflects the real
customer’s usage of the DS. For the sake of clarity, the losses
in the DS are considered to be one of the objective measures
of the grid usage [6].

The imbalance might even be increased with power bal-
ancing devices (e.g., a controlled immersion heater and hot
water tank), balancing the power at a prosumer point of
connection (PoC) and utilizing the excess produced energy
intentionally and controllably (e.g., for heating [12], [13]).
Studies [14], [15] have shown that customers with inappropri-
ate power balancing may still use the network as an inherent
balancer or even accumulator while taking advantage of the
active energy measurement and registration metrics in RMs.
It can be deduced that with an increasing number of such
customers, the standard (consuming only) customers will be
billed for the DS operation costs unfairly, as shown in pre-
vious studies [2], [3]. Furthermore, the balancing prosumers
may contribute to voltage disturbances (typically voltage har-
monics, fluctuation [16], and imbalance). Thus, the losses
might even be amplified because of their negative effects on
other appliances and elements in DSs [17], [18], [19].

The voltage unbalance in DSs were monitored using exten-
sive measurement campaigns in [20] and [21], where the
authors commented on the seasonal trends. However, they
did not evaluate the energy flows and losses. The authors
in [22] focused on a customer’s unbalanced contribution
in the planning stage of its installation, and they proposed
the use of the unbalanced power as a tool for monitoring
customers’ unbalanced contributions. However, they did not
consider the losses either. The additional losses in DSs due
to customer unbalance were shown in [6] with reference to a
very simple explanatory system (three-phase generator feed-
ing a three-phase resistive load through a three-wire resis-
tive line), proposing for the first time a fair billing method
based on power symmetrical components. The authors in [9]
demonstrated the same principle applied to prosumers with
bidirectional energy flows. However, they did not consider
the neutral path. The authors in [23] analyzed the neutral
path losses in the context of the apparent power, as defined in
[11], showing that the ratio of the neutral current path to the
line resistance has a significant impact. The apparent power
according to [11] was presented as a quantity reflecting the
voltage unbalance. However, the authors in [24] showed that
the related power factor penalizes customers with three-phase
induction machines.

In [25], a systematic study of a single prosumer with
unbalanced generation and consumption connected to a real-
istically parametrized model of a four-wire DS has been
performed for specific cases, while showing the numerical
results of the registered energy by standard RM metrics and
an RM metric based on power symmetrical components.
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FIGURE 1. Simplified representation of the sorting of measured
active energy increments into the three considered revenue
meters, where (+) and (-) are the import and export cumulative
registers, respectively.

Furthermore, it has been shown that additional losses can
be assessed by measuring the negative and zero sequence
power at the PoC of a prosumer with a good approximation.
This paper extends the previous study [25], primarily by
introducing a further prosumer and obtaining a simple and
basic case of an energy community using part of the DS. A set
of representative unbalanced steady-state cases is analyzed to
compare the performances of RM metrics at various points of
the DS and how a prosumer might be charged more fairly
for using the grid as a balancer when registering positive
sequence power/energy. Moreover, the same test system is
employed to simulate a representative realistic single day of
operation to assess the severity of the deviations between RM
metrics in longer-term metering time periods.

Il. ACTIVE ENERGY REGISTRATION IN REVENUE
METERS

Most of today’s smart RMs measure increments of the active
single-phase energy that passes through a point of measure-
ment (PoM) in a certain time interval or measuring window
(Tmw, typically 1 s) [14]. Supposing a three-phase four-
wire (3P4W) LV system and a customer connection, three
values of energy increments are obtained. Subsequently, the
measured energy increments are accumulated, sorted, and
summed up into import (Imp, +) or export (Exp,-) registers,
based on the sign according to the consumption convention,
thus increasing the values in registers by increments of AAj,,
and/or AAgyy.

Three methods of measurement, accumulation, and sorting
are shown in Fig. 1, where the subscript Y indicates the
specific PoM. The first two methods, RMxpn and RM3pp,
are standard methods implemented in current static RMs
[14], and the third method, RMgyMm has been derived from
[6] and [9].

The RMypn method sorts each phase energy increment
at the end of every Tyw first and then accumulates the
results individually in corresponding Imp and Exp registers
((1), (2)). Therefore, it is expected to provide information
about the total energy transfer (with separate consumption
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and generation values) in each Tyyw at PoMy:
P2, if P >0
S 1ph \Pyl.if Py
Ay = Tuw - Zm—RST}[ ] M

0,if P <0
Xlph _ .
AAExp,Y - TMW Zm:{R,S,T} [

PYif Py <0
Py P ] o
0,if Py >0

The second method, RM3ph, arithmetically sums the mea-
sured single-phase energy increments first, and then stores
the balance result into the corresponding Imp or Exp register
depending on its sign ((3), (4)). Thus, it is expected to provide
a net energy balance over the phases in each Tyw at PoMy:

AAzph = Tyuw - [ ‘Zm:{R,S,T}PY ,if the ¥ > 0]

Imp,Y — )
0,if the X <0
(3)
3nh ‘Z R,S.T} lfﬂ’l@z<0
AAEfcp y = Tmw - "=t
0, if thex >0
)

Unlike RM3p, and RMy 1y, the third method, RMsym,
is based on positive, negative, and zero sequence power com-
ponents at PoMy (P'}', Py, and P?,, respectively):

Py =3Vl cosgy, ®)
Py =3-|Vyl- |- cosgy, (©6)
Py =3-|VY| 119 cos ). (7

where the positive, negative, and zero sequence voltage and
current components (K?Z;, K%, I ;r, Iy, and [ OY, respec-
tively) are phasors obtained using the Fortescue transform.
The energy increment of the positive sequence is stored in
either the Imp or Exp register ((8), (9)) in each Tyw at PoMy:

|PY|.if Py >0
Yi» Y
AA?Z,”fy:TMw{ L @®)
0,if P <0
i pt
v if Py <0
AARYy = Tuw - : ©)
0,if P} >0

The RMsym method was recognized as a fair approach for
energy measurement and registration in [6] and [9]. It has
been demonstrated that the method naturally accounts for
the additional energy required to compensate the voltage and
current unbalances to absorb (generate) the same active power
that the prosumer would absorb (generate) under balanced
conditions; consequently, it naturally penalizes the unbal-
ancing customers. Obviously, under balanced conditions, the
RMgym method converges to the same results provided by
RM3ph and RMElph-

Because the active energy increment accumulated in time
interval Tyw is equivalent to the average active power over
this interval, the active power is used for the investigation of
the sorting into registers in the following parts of the paper.
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lll. ADDITIONAL LOSSES DUE TO UNBALANCE

As mentioned in the introduction, the author in [6] demon-
strated that unbalanced customers produce additional losses
(APu4q) in the distribution grid compared to the losses
(APpg) produced by an equivalent balanced load absorbing
the same active power but distributed evenly across the three
phases (balanced state):

APuga= APuci — APy = AP~ + AP’ + APypp,  (10)
where AP, is the actual total losses in the system;
AP~ and AP° are the losses produced by the negative
and zero power symmetrical components, respectively; and
APypp is the so-called hidden power.

A. HIDDEN POWER

The origin of the hidden power was explained in [6] as related
to the increment of the positive sequence power required for
the generator to feed the unbalanced load, which is converted
into negative and zero sequence power values. Later, APgip
is also called the hidden loss because of its nature in the
context of a DS. The author of [6] pointed out that the quantity
of APyp cannot be detected from a measurement at the load
terminals (i.e., PoC).

B. ESTIMATION OF ADDITIONAL LOSSES DUE TO
UNBALANCE

Additional losses can be practically estimated by multiplying
the summed absolute values of P(} and P, measured at a
specific PoMy by a coefficient, Kpy, which reflects the hidden
losses (which cannot be directly measured). Therefore, (10)
can be rewritten as follows:

APygq = APyt — APpy = AP™ + AP’ +APT — APpy
= AP™ + AP’ + APyp
~ (1Py[+1PY) - Ko, (a1

where APT is the loss produced by the positive power
symmetrical component. For analytical purposes, Kp; is
expressed as in (11) based on the following assumptions:
i) AP,y and APp, are known and ii) P?, and Py, are
measured:

AP~ + AP? + |APT —
Py +1PY

Kp = APger — APpg; _

APpq|
Py |+ PY]

12)

It should be noted that the difference |APT - APpy| is
an absolute value to prevent anticipating the responsibility
for APy at this stage. Additionally, in (13) and 14, Kpy
is presented as a function of symmetrical components of the
current measured at PoC (/ T y »and I?), positive sequence
current of the corresponding balanced state (Ip4), and grid
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resistance ratio RN /Ry:
Kp;
—\2 2 2 2
_ 3RpUIy) +3RLU)) +RNBIS) +I3RLUT ) = 3R Ipa))?
- —\2 2 2
3RL(Iy)” + 3RLU))” + Ry (31Y)

(13)
Kpy
05 = Upar)?|

1+ .
Uy + Ay’ (1+35)

(14)

It is important to note that the terms / ;“ , Iy, and I )9 indi-
cate the prosumer’ state (i.e., its working point), and grid
resistance ratio Rn/Ry is a design factor for the grid. It is
straightforward to note that the index is invariant to absolute
values of Ry, and Ryn. Generally, the Ry /Ry, ratio is not known
at the PoC. Typical values might be used for estimation
purposes instead.

C. UNBALANCE LEVEL QUANTIFICATION -
“PROSUMITY” INDEX
To quantify a prosumer’s state by means of its power distri-
bution into the phases with respect to the demand or supply
using a single numerical value, the “prosumity” index (PI)
is introduced. The PI fulfills two conditions: i) it is defined
using measurable quantities, and ii) its value falls within a
closed interval (e.g., -1:1):

PI P—; (15)

[Py |+ [Py |+ [Py

IV. TEST SYSTEM

To analyze the additional losses due to unbalance and exam-
ine the ability of RM metrics to fairly detect them, the
steady-state model of a 3P4W DS serving two prosumers is
implemented, as shown in Fig. 2.

The prosumers (PRO1 and PRO2) are connected to a point
of common connection (PCC) via their own PoCs, which is
supplied from the utility feeder (FEED). The feeder is mod-
eled as an ideal AC 50 Hz 3-phase 4-wire voltage source, with
a line-to-neutral rated voltage of 230 V. The whole network
impedance is assumed to be the LV reference impedance [28],
typically characterizing the 75"—95" percentile of connec-
tion impedances at all LV PoCs: Z; = (0.24 + j0.15) €,
and Z,, = (0.16 + jO.10) 2. Next, the reference impedance
is attributed to 1/3 of the feeder impedance at the PCC and
2/3 from the PCC to each PoC. The 1/3 division is selected to
observe the disturbances at the PCC caused by the unbalanced
prosumers with adequate resolution. Moreover, the remaining
part of the reference impedance (2/3 of Z; and Z ) reflects
the fact that 60% of the losses in the DS are dissipated in the
LV part.

Furthermore, six red-marked PoMs are indicated, three at
the PCC (FEED,PCC; PRO1,PCC; and PRO2,PCC) and three
at each PoC (FEED,PoC; PRO1,PoC; and PRO2,PoC). The
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FIGURE 2. Test power grid (3P4W) and prosumer model for
analysis.

phase voltages, KX , and currents, f}f (X € {R,S,T}), are
recorded for all the calculations in the post-processing stage.

The desired energy flow at the prosumer’s PoC is forced by
means of controlled current sources providing active power
P}Iﬁ to the phase, X € {R, S, T}, at point Y € {PRO1,PoC;
PRO2,PoC}. The value of P))f is the resulting arithmetic sum
of the active power values of the generators (P¥ 2 on) @nd loads
(P); loaq) Within the prosumer’s installation at its PoC at phase
X. Moreover, the total power can be set as a power function
of the voltage magnitude, V; :

k
VX
P = (P¥ gon + P toaa) - (%) , (16)
n

where V), is the rated voltage, and exponent k is practically in
the range (0:2), e.g., k = 0, 1 or 2 for constant power, constant
current, or constant resistance, respectively. The power factor
is assumed to be equal to one, for the sake of simplicity and
clarity, unless defined otherwise.

The model is implemented in MATLAB Simulink, and the
phasor solution method is used to perform (even consecutive)
steady state simulations on the fundamental frequency.

In what follows, the active power (W) is used when describ-
ing a single steady state, whereas the energy (kWh) is used in
the description of a sequence of steady states.

V. SINGLE PROSUMER

The analysis of the energy flow in a system with a single
prosumer (PRO2) connected to the feeder (FEED,PoC) via
impedances Z; and Z,, is performed using six specific base
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TABLE 1. Single prosumer simulation results (Y = PRO2,PoC).

Casel | Case2 | Case3 | Case4 | CaseS | Case6

BO) BG) Uo) UG) (CBxo) |(CBroso)
PR (W) 1227 -1227 3680 0 1840 1810
P§ (W) 1227 -1227 0 -3680 -1840 -1870
PT (W) 1227 -1227 0 0 0 0
P} (W) 3680.0 |-3680.0 | 3766.9 | -3602.3 60.8 0.0
Py (W) 0.0 0.0 -21.7 -19.4 -15.5 -15.5
Py (W) 0.0 0.0 -65.1 -58.3 453 | 453

AP (W) 20.71 20.26 108.57 | 97.10 60.78 60.71
APva (W) 20.71 20.26 20.71 20.26 0.00 0.01
APaaa (W) 0.00 0.00 87.85 76.84 60.78 60.70

— 54A

FEED,| 4 11 PRO2,
O poc A

L
S
K

PoM,

[l

FIGURE 3. Case 1: Balanced consumption (BC), Y = PRO2,PoC.

steady states at PRO2 PoC first, and then generalized to all
its possible but rational states under specific assumptions.

A. BASE STATES

The base steady states represent “‘extreme’ exemplary con-
ditions intended to show how the RMs’ metrics perform in
relation to the network losses when the prosumer absorbs,
injects, or exchanges the same power under balanced or
unbalanced conditions. Therefore, the sum of the absolute
active power values over phases absorbed or injected into the
grid at PRO2,PoC is kept constant at the value of 3.68 kW
([1]), which also means k = 0 in (16). Six specific cases are
designed in total.

The first two cases, Case 1 and Case 2 depicted in Fig. 3
and Fig. 4, respectively, refer to balanced consumption (BC)
and generation (BG), and they are considered as reference
states as the ideal method for energy transfer in a three-
phase DS. Case 3 (Fig. 5) and Case 4 (Fig. 6) refer to
consumption and generation on a single phase only (UC
and UG, respectively), and they represent standard customers
with single-phase connections to the DS. Case 5 (Fig. 7) and
Case 6 (Fig. 8) refer to generation in phase R balanced by
consumption in phase S to keep the simple energy balance
of the 3-ph system at PRO2,PoC equal to zero (CByxg) and
to keep the positive sequence power at PoC equal to zero
(CBposo), respectively. CByxo represents the control target
of some commercial energy diverters ( [13]), while CBposo
intends to present the attributes of an alternative energy man-
agement control target (i.e., P}L =0).

The results measured at the PoC of the prosumer (Y =
PRO2,PoC) are reported in TABLE 1., where P)%]p h, P?,p h,
and Pf,YM are the active power values measured at PRO2,PoC
by RMx 1ph, RM3pn, and RMgywm, respectively. Additionally,
Fig. 3-Fig. 8 show the energy flow diagrams [6], together
with the current phasors at PRO2,PoC, for the six base cases.

The power flow diagrams shown in Fig. 3 and Fig. 4
(numerically in TABLE 1.) demonstrate that in the balanced
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FIGURE 5. Case 3: Single-phase unbalanced consumption (UC),
Y = PRO2,PoC.
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FIGURE 6. Case 4: Single-phase unbalanced generation (UG),
Y = PRO2,PoC.

FEED, PRO2, Baa
PoC AP, B PoC Sl
AP+N = AN
P e [) 10 )
PoM,| | ZP=0 :s :

FIGURE 7. Case 5: Generation in R-phase balanced by
consumption in S-phase to keep the power sum at PoM zero
(CByxg), Y = PRO2,PoC.

states, the system losses, AP,., are compensated by the
feeder (BC) or prosumer (BG). P, and P(}), are equal to zero,
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FIGURE 8. Case 6: Generation in R-phase balanced by
consumption in S-phase to keep the positive sequence power
at PoM zero (CBpggp), Y = PRO2,PoC.

and the losses, AP, cannot be measured at the prosumer
PoC. The absolute values of the current consumed/delivered
from/to the supply system differ at BC compared to BG as
a result of the abovementioned hypothesis of constant power
(3.68 kW), which produces voltage drops with altering signs
across the grid impedances.

The diagram in Fig. 7 for CBy( shows that although the
value of P?,p " at the prosumer’s PoC is zero, the prosumer con-
tributes to the system losses, AP, and they are compensated
from the feeder. The value of P?,p " is zero in both registers,
thus describing only the prosumer’s energy balance. In con-
trast P? tph registers energy in both directions, thus indicating
the unbalanced system occupancy. The P;YM measurement
result in the import register (CBy) is equal to the losses in
the network (AP, ). Thus, RMgym properly accounts for the
actual losses incurred in the system due to the unbalanced
operation.

Fig. 5 and Fig. 6 show the power flows in the cases of UC
and UG, respectively. P, and P?, are dissipated in the DS,
and AP, is higher in UC and UG than in BC and BG. One
may notice in TABLE 1. that the values of P;r at UC and UG
are related to the losses in the system (AP, ). Consequently,
the absolute value of P{*™ is higher than P? Ph op Pip "
in the import register under UC and lower in the export
register under UG, i.e., the metric fairly accounts for induced
additional losses. This can also be seen from the power flow
diagrams.

The power flow diagram in Fig. 8 shows that if the value
of EP’; at the prosumer’s PoC is equal to P, and PY, the
prosumer is generating the same losses as it induces. It is
directly demonstrated by means of CBpogg that if the power
is counter-balanced at the PoC to keep the value of P?} at
the PoC zero, the losses due to the imbalanced prosumer are
covered by his own generator.

Therefore, the RMgyym metric naturally motivates the pro-
sumer to have fair behavior when targeting a zero energy flow
at the PoC. Finally, TABLE 2. reports the values of PI and Kpy
for the six base cases discussed in section V

It is possible to observe the following:

o in Case 3 (Case 4), the exact amount of the additional
losses due to the imbalance is obtained by decreasing
(increasing) the result of the direct measurement at the
PoC (i.e., [P)| + |Py|) by 1 %;
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TABLE 2. Pl and Kp| indexes for the 6 base cases.

Casel | Case2 | Case3 | Case4 | Case5 | Case6
(BOC) (BG) ((8[9)] UG) (CBxo) [(CBroso)
PI() 1.00 -1.00 0.98 -0.98 0.50 0.00
K1 () NaN NaN 1.01 0.99 1.00 1.00
TABLE 3. Model’s parameters.

Parameter Value Comment

3680 [Cz(;liresponds to current per phase of 16A
i;l:s:—phase 4600 Corresponds to current per phase of 20A
threshold [27] :
rated at 230 V. | 6000 _Conesponds to maximal power unbalance
(W or VA) inIT[9]

9200 Corresponds to assumed max current per

phase of 40A

0.13+0.09 80™ percentile in Switzerland (CH), [28]*

0.19+0.13 80™ percentile in Germany (GE), [28]*
Z;, (Q) 0.24+j0.16 | Reference value acc. to [28]

0.41+0.27 80™ percentile in Czechia (CZ), [28]*

0.49+0.33 80™ percentile in Austria (AT), [28]*
07, () 0.5;2/3; Typical Zy/Z,, ratios in LV networks (2/3 in|
=NEL 1;2 [28])

*The line resistances are calculated from the short-circuit power in [28], assuming
an R/X ratio of 3/2 [28].

« in Case 6, the result of the direct measurement at the PoC
G.e., |P(}), |+ [Py |) gives exactly the additional losses due
to unbalance.

B. ALL POSSIBLE STATES

The previous subsection only focused on six “extreme” states
of the prosumer, allowing a quantitative examination of the
considered RM metrics under unbalanced conditions in rela-
tion to the DS utilization. In the following, the range of a
single prosumer state (PRO2 in Fig. 2) under 3-phase DS
loading is extended to all reasonable scenarios of power at
PRO2,PoC to generalize the analysis of the examined met-
rics’ performances.

The considered range of active power is up to 9200 W
(40 A) per phase in both directions with steps of 920 W,
while involving some possible values for a single-phase
power threshold, which are reported in the literature and
national grid codes (TABLE 3.). The whole feeder-to-
prosumer impedance is selected to be Z; = (0.244j16) €,
ZnIZ; = 2/3. The results obtained for PRO2,PoC, exclu-
sively comparing the performances of the RM3p, and RMsym
metrics, are visualized in the coordinates of each phase of the
active power in Fig. 9.

In Fig. 9, each black dot represents the prosumer’s operat-
ing point (i.e., state), and the red dots on the main diagonal
represent the states corresponding to the perfect balanced
cases. The surfaces represent sets of states for which the
metrics register the same specific value (planar for RM3;,, and
curved for RMgsym).

The distance between the blue plane (P’; + Pf, +PL =0)
and green curved surface (P; = 0) clearly visualizes the
additional losses due to the imbalance; the distances increase
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FIGURE 9. 3D representation of the prosumer’s states in domain
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nonlinearly with the distance from the main diagonal. Nev-
ertheless, the operating range limiting excessive losses can
be practically limited by means of the maximal absolute
difference between the power values for any of the phases
(orange dots in Fig. 9: 3.68 kW limit), as similarly introduced
in some countries [27]. The same trend can be recognized for
the red plane (P’; + P“; + PL = 7kW) and corresponding
yellow surface (P} = 7kW).

C. UNFAIRNESS RESULTING FROM METERING

As stated above, the distance between the blue (red) plane
and green (yellow) surface in Fig. 9 quantifies the difference
in the performances of the two examined metrics (because
of additional losses due to unbalance). In other words, it is
a measure of the unfairness of the RMj,, metric. More
seriously, if a prosumer with a deployed RM3,, meter reg-
isters zero energy increments (blue plane of Fig. 9 and
CByxp in TABLE 1. ), they are not assuming the finan-
cial responsibility for employing the DS at all. It can be
deduced that if the ratio of the customers on the blue plane
(prosumers intentionally balancing) increases over those on
the red plane (e.g., standard customers with consumption
only), the unfairness of cost sharing can become severe,
especially in local distribution networks, or even in a com-
munity sub-grid. The severity of the problem is consid-
ered in a case study with two prosumers in the following
sections.

D. STATISTICAL DISTRIBUTION OF Kp,

Although the Kp; index is close to 1 in the six specific states
of section V-A (the hidden power is relatively negligible com-
pared to the absolute sum of the power at the PoC), an analysis
of its values corresponding to the states represented in Fig. 9
is performed to realistically investigate the significance of
Kpr in the grids, because it could not be directly measured.
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FIGURE 10. Distribution of Kpj in the test network, all states of
the cube at PoC can occur with the same probability.

The prosumer is studied in the same states as in section V-B
However, in combination with all the typical values of Z; and
the Zy/Z; ratio, according to TABLE 3. assumed that all the
states occurred with the same probability.

The statistical distribution of Kpy is depicted in Fig. 10.
It can be observed that Kp; reaches values from 1.00 to 1.05 in
90% of the states (see PDF and CDF of the Kp;), while PI
has a range of -1:1, with a significant concentration around
a value of 0.5. In the remaining 10% of the states, Kp; goes
from 1.05 up to 1.10, but the amount of total losses decreases
at the same time [25].

Generally, it can be concluded that the Kp; range is
practically from 1 to 1.05. This means, for example, that
measuring |P} | and IP()),| at the PoC and multiplying their
sum by the median value of 1.02 would provide a good
approximation of the additional losses due to an unbalanced
prosumer.

VI. TWO PROSUMERS

The model in Fig. 2 practically represents a simplified sys-
tem with three parties: two prosumers (PRO1 and PRO2)
connected through part of the LV DS (e.g., a community
sub-grid) to a utility feeder (FEED). This section discusses
the results if the RMs (Fig. 1) are deployed: i) at the pro-
sumers’ PoCs (nodes PRO1,PoC and PRO2,PoC in Fig. 2)
and ii) between the utility and community sub-grid (node
FEED,PCC in Fig. 2). The system is analyzed in five suit-
ably chosen representative states, Case 7—Case 11. The main
objective is to analyze the energy exchange between the
two prosumers and the feeder, while observing the “fair-
ness’’ of the energy/power measured by the examined RMs’
metrics in terms of extra losses in the DS due to any
unbalance.

A. REPRESENTATIVE STATES

Case 7 corresponds to the state where PRO1 symmetrically
absorbs exactly the power (3.68 kW) that PRO2 symmetri-
cally generates, thus representing one of the ideal states for

VOLUME 10, 2023



Klusacek et al.: Revenue Metering of Unbalanced Prosumers in Energy Communities

TABLE 4. Two prosumers on adjacent branches.

Case7 | Case8 | Case9 | Casel0 | Casell
PoM Y =PRO1,PoC (Prosumer 1)
PR (W) 1226.7 3680.0 3680.0 1840.0 1840.0
Py (W) 1226.7 0.0 0.0 -1840.0 -1840.0
PT (W) 1226.7 0.0 0.0 0.0 0.0
Py (W) 3680.1 37382 37723 40.7 60.9
Py + Py (W) 0.0 -58.2 -92.3 -40.7 -60.9
pﬁlph Imp | 3680.1 3680.0 3680.0 1840.0 1840.0
W) |Exp 0.0 0.0 0.0 -1840.0 -1840.0
pf}’" Imp | 3680.1 3680.0 3680.0 0.0 0.0
W) |Exp 0.0 0.0 0.0 0.0 0.0
PYM |Imp | 3680.1 3738.2 37723 40.7 60.9
(W) |Exp 0.0 0.0 0.0 0.0 0.0
PoM Y =PRO2,PoC (Prosumer 2)
PR (W) -1226.7 -3680.0 0.0 -1840.0 1201.8
Py (W) -1226.7 0.0 -3680.0 1840.0 1228.8
PT (W) -1226.7 0.0 0.0 0.0 1208.6
Py (W) -3680.1 -3628.7 -3582.0 413 3639.1
Py + Py (W) 0.0 -51.3 -98.0 -41.3 0.1
pﬁll’h Imp 0.0 0.0 0.0 1840.0 3639.2
W) |Exp | -3680.1 -3680.0 -3680.0 -1840.0 0.0
pi”" Imp 0.0 0.0 0.0 0.0 3639.2
W) [Exp | -3680.1 -3680.0 -3680.0 0.0 0.0
P{¥™™ | Imp 0.0 0.0 0.0 41.3 3639.1
(W) |[Exp | -3680.1 -3628.7 -3582.0 0.0 0.0
PoM Y =FEED,PCC (Utility feeder)
pﬁll"‘ Imp 273 136.9 37523 82.0 4276.5
w) |Exp 0.0 0.0 -3615.8 0.0 -583.1
p‘3,1”' Imp 273 136.9 136.6 82.0 3693.4
W) |Exp 0.0 0.0 0.0 0.0 0.0
P;Y™ | Imp 273 137.0 217.6 82.0 3713.6
(W) |Exp 0.0 0.0 0.0 0.0 0.0
APuct (W) 273 137.0 217.6 82.0 81.3

energy exchange in the community sub-grid and serving as
a reference. Case 8 corresponds to the situation where PRO1
absorbs from phase R (3.68 kW) exactly the power that PRO2
generates on the same phase R. In contrast, in Case 9, PRO1
absorbs from phase R the same power that PRO2 generates
on phase S. Case 10 corresponds to the situation where PRO1
absorbs from phase R (1.84 kW) the same power generated
on phase S, while PRO2, in contrast, absorbs 1.84 kW on
phase S, which is the power generated on phase R. Case 11
corresponds to the case where PRO1 consumes on R and
generates on S the same power (1.84 kW) as in the previous
case, while PRO2 uses a 3-phase balanced passive resistive
load (k = 2 in (16)) to absorb the nominal 3-phase power of
3.68 kW at the rated voltage (230 V).

B. NUMERICAL RESULTS
The results of an analysis of prosumers on adjacent branches
for individual cases are summarized in TABLE 1.

In Case 7, the energy is exchanged between the prosumers
symmetrically, and the losses in the community sub-grid
(practically almost equal to the total grid losses) are compen-
sated by the utility feeder, which is registered correctly by

all the metrics at FEED,PCC (PL2h o = PP oo =
PSYM ) ’ '
FEED,PCC)-
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In Case 8, RMx1p, and RMsp, both register the same
values (P 7 " and P?,p " respectively) in the import register of
the consuming prosumer (¥ = PRO1,PoC) and in the export
register of the generating prosumer (Y = PRO2,PoC). This
is because of the unidirectional flow at each prosumer PoC,
even if unbalanced. Because the energy exchange between the

prosumers matches (P§R01, PoC = PIISR02, poc)» both the stan-
dard metrics in the node FEED,PCC register that the energy
imported from the utility feeder again cover the present losses
in the community sub-grid. RMgym at FEED,PCC registers
the energy imported from the utility feeder (P%Aga pCC)>
which represents the total losses in the grid and includes
additional losses due to the imbalance, significantly belong-
ing to the community sub-grid. The RMgyy metric at the
prosumers’ PoCs naturally penalizes both the prosumers for
their unbalanced power by raising or reducing the P%%l, PoC
or P%Agz’ poc absolute value contributing to the import or
export register, respectively. The additional losses accounted
to each prosumer are correctly predicted by negative and zero
sequence power values. The absolute total additional losses
significantly contribute to the total actual losses of Case 8 in
respect to Case 7.

In Case 9, RMyxpn and RM3pp register the same energy
as in Case 8 at the prosumers’ PoCs. However, at node
FEED,PCC, the contrast between the values in the Imp and
Exp registers of RMy1pp indicates a higher total power unbal-
ance for the sub-grid. The utility feeder obviously serves
as an interphase balancer. Thus, the losses in the network
and utility feeder system, compared to Case 8, are higher
and result in a much higher AP,.;. Morover, one can notice
that the system losses in Case 9 are eight times higher than
those in reference Case 7. The RMgyn metric naturally holds
the prosumers accountable for the induced additional losses
due to the unbalance at prosumers’ PoCs. Next, RMgyy at
FEED,PCC (P%%D‘ pcc) represents the total system losses,

while RM3pp (P F’ZIED’ pcc) only registers the losses belonging
to the sub-grid, which are comparable to Case 8.

In Case 10, the sum of P%%l,PoC"‘ P}%%z,mc’ which is
equal to P%%D’ pcc» gives the total system losses, AP,
and it consists of additional losses in the community sub-
grid solely, as caused by the unbalanced full exchange of
energy between the prosumers. Thus, again, the feeder only
covers the sub-grid losses, which are registered equally by
all the metrics in the FEED,PCC and are accounted correctly
by the RMgywm metric in the prosumers’ PoCs. Conversely,
the RMgipn in PRO1/PRO2,PoC delivers the information
about the import and export in the phases. Thus, RMspp
might be regarded as registering zero in both registers at both
prosumers’ PoCs. Therefore, the network losses cannot be
linked with these RMs.

InCase 11, PRO1 uses the DS as an interphase balancer and
consequently causes a voltage unbalance at FEED,PCC (as in
Case 5 of section V). PRO2 (the customer with a 3-ph sym-
metric passive resistive load) inherits the voltage unbalance at
PRO2,PoC, thus absorbing the unbalanced power. However,
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PRO2 PV system:
Orientation: 90 deg (East)
Inclination: 35 deg
Installed power: 11.04 kW

PRO1 PV system:
Orientation: 270 deg (West)
Inclination: 35 deg

Installed power: 11.04 kW

==
Utility feeder
(FEED)

FIGURE 11. Realistic model of a system with two prosumers
connected to adjacent branches of a community sub-grid
during a typical day.

RMgsym does not hold PRO2 to account for any additional
losses (compared to the individual metrics in PRO2,PoC
in TABLE 1. ), which again confirms the fairness of the
RMsym metric, because the 3-ph passive resistive load is
symmetric.

VII. DAILY POWER PROFILE OF THE TWO PROSUMERS
This section discusses how a system with two prosumers
was investigated by means of the realistic parameterization
of the model in Fig. 2 during a typical day (Fig. 11). The
day active power profile (DPP) of each prosumer consists
of three series (3-ph) of consecutive 1 s steady states (i.e.,
86400 energy increments for each phase), while the DPP is
the superposition of the generator power profile (GPP) and
load power profile (LPP), neither of which exceeds 3.68 kW
per phase.

The LPP was obtained by juxtaposition over the time of
pseudo-randomly switched virtual appliances with random
power in the range of 5-3680 W and a constant base load
of 200 W in each phase independently. The pseudo-random
part of the LPP is generated using a Beta distribution with
parameters ¢ = 0.4 and 8 = 4. The appliance turn-on time is
inversely proportional to the appliance power. Furthermore,
the energy consumed in the variable/random part of the LPP
is calculated with respect to the standard nationwide load
profiles on an hourly basis [29]. The base load of the LPP
represents approximately 10% of the prosumers’ daily con-
sumption. In total, the daily consumed energy per prosumer
is 47.58 kWh for PRO1 and 47.96 kWh for PRO2.

The GPP represents the output of a 3-ph symmetrical
inverter (i.e., the active power evenly distributed among
phases), whereby the daily energy yield produced is equal to
the daily energy consumed by the prosumer (47.58 kWh for
PROI1 and 47.96 kWh for PRO2). The GPP reaches 3.68 kW
at a maximum per phase (corresponding to the 11.04 kW rated
output of the inverter), and the shape is defined by ideal solar
irradiation affected by random cloud shading (factor in range

434

of 0.05-1), with the same values for both prosumers. The
shading factor is generated based on a normal distribution,
smoothed by the spline average, and updated every 10 min.
The resulting normalized irradiance curve is presented in
Fig. 11. However, the prosumers’ GPPs are shifted and mod-
ified in time because the PV panels of PROI are oriented to
the west, while those of PRO?2 to the east.

In addition, a reference balanced DPP is simulated. It relies
on a balanced LPP (obtained in consonance with the above
mentioned specification) using the same power profile for
all three phases. It makes it possible to express the daily
additional losses due to the unbalance (AE,44).

A. DAILY REGISTERED ENERGY

The series of energy increments (measured average active
power values during consecutive 1 s steady states) registered
by the metrics in the import and export registers in nodes
PRO1,PoC, PRO2,PoC, and FEED,PCC during the day are
shown in Fig. 12. The detail in Fig. 12D) focuses on a time
period between 6:48 a.m. and 8:12 a.m., when the RM3pp
and RMsypm metrics register significantly different values
from RMx pp. This is the interval when the prosumers transit
from predominantly consumption to predominantly produc-
tion. It has to be noted that the registers of RM3p, and RMsym
are disjunctive by definition (see (3), (4), and (8), (9)); this
means that one of them (Imp or Exp) is always zero in each
measuring window. Therefore, the Imp and Exp registers of
RM3pn and RMgyym are summed for the sake of simplicity in
Fig. 12.

The energy values registered within the test day in the
export and import registers in the system nodes are shown in
Fig. 13A as percentages of the values registered by RMx pp,
which had the highest amounts for both Imp and Exp. The
differences for both RM3,, and RMgyym are in the range of
3—4% of the values for RMx1ph. This deviation is considered
non-negligible: 1) it is beyond the accuracy of most of the LV
revenue meters (up to 2% or 1%), and 2) it is comparable
to the general losses in LV DSs (~3%). RMgym registers
higher energy than RM3pp, in Imp and lower energy in Exp,
and the differences reflect the additional losses (AE,q;) in
the DS due to the randomly changing unbalance (compare the
first and second columns in Fig. 13B). The additional losses
are ~25% of the total losses (AE,y), and they are evenly
distributed among the DS lines (see AEjinepro1, AElinePro2,
and AEj.reEp, Which refer to lines from nodes PCC to
PRO1,PoC; PCC to PRO2,PoC; and FEED,PoC to PCC,
respectively).

It can be concluded that if the prosumers export and
import energy according to the stochastic deployment of the
loads and stochastically changing irradiance, the long-term
difference between the examined metrics can be expected
to be approximately 4%. This value could be even higher
if the situations with consumption in one phase and pro-
duction in the other phase represent a significant per-
centage of the operating time. The value of 4% for the
registered energy reflects the losses in the DS. Thus, it is
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not negligible from the perspective of assigning the cost
and efficiency of the energy distribution. However, 4%
of the registered energy is not significant in the context
of splitting the cost of active energy generation in power
plants.
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B. DAILY REGISTERED ENERGY WITH ONE BALANCING
PROSUMER

The LPP and GPP, given by emulating the natural stochas-
ticity, might be affected by the intentional energy diverting
employed by prosumers. Practically, the prosumers might
be motivated to provide zero export, i.e., a zero value in
the export register of RM. However, if the RM implements
either RM3py, or RMgywm, this zero in the export register
might be accompanied by a power unbalance at the PoC
(see Case 5 in TABLE 1. ). Let us consider an example:
PRO2 from Fig. 11 is equipped with an energy diverter, with
the goal of a zero value in the export register of RMsph,
which implements the same diverting control and logic as
commercial devices. For instance, performing as a variable
resistive load with a rated power value of 3.68 kW in phase
R and constant resistive loads with the same rated power
values in phases S and T, both switched as a cascade [13].
The resulting power profiles at each PoM for all considered
and monitored metrics and registers are shown in Fig. 14.
Fig. 14D shows a portion of the time interval from 6:48 a.m.
to 8:12 a.m. when significant differences between RMx 1pn
and the other metrics appear. Obviously, the difference in
the daily registered energy is also significant, as summarized
in Fig. 15A. The difference between RMx1pn and RMapy, at
PRO2,PoC is 29.8% of RMxph in its import register and
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100% in the export register, which leads to a difference of
7.7% in the import register and 15.3% in the export register
between the metrics at FEED,PCC.

Similar to section VII-A, the difference between RMgym
and RM3p;, at PRO1/PRO2,PoC reflects the additional losses
due to the unbalance AE,;; (compare the first and second
bars in Fig. 15B). Those additional losses are mostly intro-
duced by the diverting device in the PRO2 installation (see the
purple part of the second bar in Fig. 15B). When comparing
Fig. 15B and Fig. 13B, it can be noticed that the losses
due to the unbalance, AE,;;, are considerably higher with
the diverter at PRO2 (~50% of AE,.), while the absolute
value of the total losses, AE,., does not differ essentially
(~1 kWh in both situations). Furthermore, the total losses in
the sub-grid (AEjine. PRO1+AEjine PRo2) are slightly higher in
Fig. 15B than in Fig. 13B (compare the sub-bars of AE,).

VIIl. CONCLUSION

This paper addressed equitable revenue metering in a low-
voltage distribution system integrating prosumers, which may
additionally be involved in an energy community sub-grid
(part of the DS). Because of the presence of generation
and simultaneous consumption, bidirectional and unbalanced
active energy flows are invoked, significantly changing the
paradigm of the energy flow in the DS and affecting the
concept of energy measurement and registration. In contrast
to standard revenue meter metrics, which sort the active
energy increments measured in individual phases into regis-
ters (RMx1pn and RM3py), it has been examined and com-
pared an alternative metric based on the active energy carried
by symmetrical components (RMsywm). Basically, RMsxpn
implicitly gives information about the system occupancy,
i.e., how much energy is transferred through the point of
measurement. On the other hand, the RM3p,, metric provides
information about the energy balance of the downstream
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system (e.g., the prosumer installation). Moreover, RMgym
accounts for the additional losses due to an unbalance in the
upstream system.

Employing extensive simulations with one and two pro-
sumers operating in a representative DS, we demonstrated
that the RMyxpn and RM3p, metrics currently deployed in
three-phase revenue meters may fail to fairly charge unbal-
anced prosumers for their use of the distribution system as an
inherent phase-to-phase balancer. On the other hand, it was
proven that adopting the RMgyn metric would enable fairer
billing within the community. Consistent conclusions were
also reached if the prosumer energy management employs
intentional balancing. Furthermore, it was verified that the
increase in the system losses caused by an unbalanced pro-
sumer can be quantified by means of negative and zero
sequence power values measured at his point of connection
with a good approximation.

The main contribution of the paper is a detailed and sys-
tematic comparison of the methods used for the measurement
and sorting of energy into registers in RMs to support the
ongoing discussions about fair metering within future energy
communities. Ongoing research activities are focused on the
experimental validation of the proposed considerations and
on the design of a power balancer based on positive sequence
active power.
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