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Abstract

In this paper, we investigate the mathematical formulation of the Blank and Gegax methodology for

constructing two-part electric rates. The mathematical relationship between household electrical loads and the proportion of
demand-related costs to be recovered through the customer charge in residential electricity rates is determined theoretically,
and then empirically illustrated using data from 100,000 customers. We find that the correlation between monthly energy
consumption and maximum demand, as well as the coefficients of variation of demand and energy, determine the proportion
of demand-related costs to be recovered through the customer charge under the Blank and Gegax methodology.
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1. Introduction

In the ongoing debate regarding appropriate electricity
price structures for residential customers, there is much
emotion and not enough mathematical or statistical
reasoning. Further developing the work of Drs. Larry Blank
and Douglas Gegax (2014, 2016), this paper brings
mathematics to bear on the question of the appropriate
apportionment of an electric utility’s demand costs between
the energy charge and the customer charge billed to the
customer when the utility uses a two-part rate structure. In
their article “Residential Winners and Losers behind the
Energy versus Customer Charge Debate”, Drs. Blank and
Gegax concluded that most, but not all, of the
demand-related costs should be collected through the kWh
energy charge because there is a “strong and significant
correlation between monthly kWh [energy consumption]
and monthly maximum kW demand.” Although they did
not determine the particular apportionment of the
demand-related costs that should be collected through the
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kWh energy charge in their first paper, they pointed to the
“level of variation in load factor across households” as an
important element in determining that appropriate amount.
In their subsequent paper, “An enhanced two-part tariff
methodology when demand charges are not used,” Drs.
Blank and Gegax developed an objective methodology
for determining the “share of demand-related (i.e.
capacity-related) costs [to be] recovered from the customer
charge vs. the energy charge.” The method Drs. Blank and
Gegax developed and published in their second paper,
otherwise known as the Blank and Gegax methodology or
B&G methodology, is objective, regression-based, simple to
apply, and logically connected to the problem at hand.
However, in this subsequent paper, the authors did not
explicitly address an item they pointed out in the conclusion
of their first paper - the impact of the “level of variation
in load factor across households” on the share of
demand-related costs to be recovered from the customer
charge vs. the energy charge. We now address that in a more
general sense. Since load factor is only one of many methods
of describing the relationship between customers’ energy
consumption and maximum demand, this paper begins with
the fundamental elements themselves - energy consumption
and maximum demand — and derives the mathematical
connection between these fundamental elements and the
share of demand-related costs to be recovered through the
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customer charge vs. the energy charge under the B&G
methodology. This mathematical proof is supplemented by
an analytical example of the theory.

2. Electricity Costs and Pricing

The costs that a utility incurs to provide electricity to its
customers are of three types: customer-related costs (e.g.
meters, service connections, billing, call centers),
energy-related costs (e.g. fuel, variable maintenance), and
demand-related costs (e.g. wires, poles, station transformers,
generators). Customers are sometimes billed for these costs
through corresponding fees or charges: a Customer charge,
which is typically a fixed monthly amount; an Energy charge
which, in its simplest form, is a cents per kWh rate applied to
the customer’s energy (kWh) consumption during the month;
and a Demand charge which, in its simplest form, is a dollars
per kW rate applied to the customer’s maximum demand
(kW) during the month. This type of billing is referred to as a
3-part or CED rate because it has three components
(Customer charge, Energy charge, and Demand charge).
Fewer than 5% of residential customers in the U.S. are billed
on this type of rate, in part because of the complexity of
understanding and managing Demand charges and in part
because of the cost of metering the combination of demand
(kW) and energy (kWh). Residential customers are typically
billed using a simpler 2-part or CE rate which consists of a
Customer charge and an Energy charge as described above.
Since there is no Demand charge in a 2-part rate,
demand-related costs must be collected through the
Customer charge or the Energy charge or both. Traditional
CE rates collect all demand-related costs through the Energy
charge alone. The methodology developed by Drs. Blank and
Gegax uses a regression analysis to determine the amount of
demand-related costs to be collected through both the
Customer charge and the Energy charge. Such a rate will be
referred to as the B&G model throughout the remainder of
this paper. Blank and Gegax (2014) noted that monthly
household energy (kWh) usage and monthly maximum
demand (kW) are highly correlated. So maximum monthly
demand (kW) can thought as a (linear) function of monthly
household energy (kWh) usage.

3. Mathematical Formulation of the
B&G Model

The mathematical formulation of customer bills based on
a 3-part, CED rate is as follows

@)
where y;, i=12,---,n, denotes a monthly electricity bill
for the i customer, X;j denotes the amount of energy (kWh)

consumed by the i customer in a given month, and Xy;
denotes the i™ customer’s maximum demand (kW) during

Yi =g+ X5 + X5,

that same month. The parameters o, o, and «, in
equation (1) represent the fixed monthly Customer charge in
dollars, the Energy charge in dollars per kWh, and the
Demand charge in dollars per kW, respectively.

As noted earlier, most residential customers are not billed
directly for demand, i.e., they are billed on 2-part rather than
3-part rates. Drs. Blank and Gegax have developed a
methodology for simulating 3-part billing using a 2-part rate.
The mathematical formulation of customer bills based on the
B&G model (2016) is as follows

Yi =B+ Bix; - 2
where y;, i=12,---,n, denotes the monthly electricity bill

for the i" customer, and x; denotes the amount of energy

(kwWh) consumed by the i customer in a given month. The
parameters g, and g in equation (2) represent a new
fixed monthly Customer charge in dollars (the B&G
Customer charge), and a new Energy charge in dollars per
kWh (the B&G Energy charge), respectively.

In equation (2) we cannot simply drop a regressor from
equation (1), but we can replace the dropped variable ( x, ) as

a function of the remaining regressor (% ). B&G (2014)
noted that x, and Xx; are strongly and positively correlated.

The correlation gives a measure of the linear relationship
between two variables. So, it is appropriate to drop X, ,

maximum demand, from equation (1) by replacing x, with

X = 0p + Xy . 3)
Now substituting (3) into equation (1), we have
Yi = (g +ap6p) + (e + 2p01) Xy . 4

Now (2) and (4) are equivalent models, (see S. Weisberg
(2014), p. 84). Thus, the new Customer charge is
Lo=ay+a,8y and the new Energy charge s
B = +a,8, . From (4) above we note that a portion of the

Demand charge from the 3-part CED model (1) went to the
Customer charge of the B&G model and the remaining
portion went to the Energy charge of the B&G model.

4. Statistical Analysis of the B&G Model

The Least Square (LS) regression line of monthly bills
(y; ) using the 3-part CED model is given by

Yi =g + X + X, )

where ¢,, k=0,1,2 are the LS estimates of ¢, .

B&G (2016) fitted a 2-part CE least square (LS) linear
regression line of the 3-part CED monthly bills (y; ) given in

(5) (or in (1)) on monthly energy consumed ( ¥ ), i.e., B&G
fitted the model

Yi = P+ Bixi +éi (5a)
where & is the error term. The LS estimate of slope £,
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the B&G model Energy charge, (see S. Weisberg (2014), p.
24), is given by

. SS,
p=—2 (6)

SSyx

and the LS estimate of the y-intercept g,, the B&G model
Customer charge, is given by

Po=Y-hB%. Y]
n
where SSyy = Z(Xli =X —Y) ,
i=1
n _ _ 1 n _ 1 n
SSypq =2, (%i—%)" . V= HZ y; , and X = HZXﬁ .
i=1 i=1 i-1

Now based on the regression of x, (maximum demand) on
X (energy consumption), which is

Xy =8 + 0%+ €, (7a)
where ; is the error term, the LS estimate for &, is given
by

SS

3 X2
= (@)
SSXle

and
the LS estimate for &y is given by

Og =X — 1%, 9)

where SS,,, =D (i —%)(Xzi —Xz) , and SS,,, and ¥
i=1

are as defined earlier. Let us denote the correlation between

kWh energy consumption (%) and kW maximum demand

(Xo) by r,. The correlation between energy (% ) and
demand ( x, ) is computed as, (see S. Weisberg (2014), p. 23)

SSXlX2
o= .
J(58:0 (855,

Now we express 51 given in (8) in terms of the
correlation r, given in (10) as follows

(10)

5‘1 — SS)(1)(2 — SSX1X2 SSXZXZ =1, SSXZXZ
SSX]_X]_ \/(SSXJ_X]_ )(SSX2X2 ) SXlX]_ SSX]_X]_
Sx
=h, %, (11)
le

where s, = /SSXlXl /(n—l) is the standard deviation of

kWh energy  consumption (x) and similarly

Sxp = /SSXZX2 /(n—l) is the standard deviation of kW

maximum demand ( x, ).

From the 3-part CED model (5), the average bill can be
computed as
Y =6y +% + 6%, (12)
18 . .
where X, =H2x2i ,and y and X; are as defined earlier.
i=1
Now subtracting equation (12) from equation (5), we get

Vi =V = (4 — %)+ (%o —%5) . (13)

Substituting (13) expression
n
SSyqy = 2 (xai —%1)(¥i — ) , which was used in (6), we get
i=1

into the

n

SSyy =2 (i =%)(¥i = V)
i-1

=" (% —X)[61 (5 — %) + 6y (%1 = %,)]
i=1

=) (% %) +dp 2 (X — %) (X — %)

i=1 i=1

=SS, ,, +a,SS (14)

Substituting (14) into equation (6) and using (8), we are
able to write 3, as

XX XX2 -

5 dlssxlxl +dZSSX1X2
SSX1X2
_,\+,\SSX1X2_A A A
=gty — =0 + a2§1 . (15)
SSXlXZ

Using equation (11), ,31 (the B&G model’s Energy
charge), given by (15) can be rewritten as

P =61 +0p01 =y +as[a(Sy, /5% )]

Since the average monthly bills (y ) are the same for both

the 3-part CED model and the 2-part B&G model (so both
models collect the same amount of dollars), we substitute y

given in (12) into equation (7), and subsequently using
equations (16), (11), and (9), we can rewrite the B&G model

Customer charge f, as
bo=Y-hx

= G+ % + % — (&) + Apd))%

(16)

= dg + %y — G61%
=G+ (Xp — 6% )Gy = Ao +[X2 =12 (Sx, /Sy )Xl G2 (17)

= do + 50(22 . (18)
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4.1. Effect of the Correlation between Energy and
Demand (1, ) on B&G Model Parameters

Below we examine the B&G model parameters in two
extreme cases: when r, =0or 1.

Case I. When r, =0, the B&G Customer charge ,30
given in (17) and the B&G Energy charge ﬁl given in (16)
take the following form

o = 6o+ 2%
and
h=a,
respectively. Under this case, the B&G model takes the form
(19)
Thus, when there is no correlation between energy

consumption and maximum demand, i.e. when r, =0, the

B&G model produces an Energy charge that is the same as
the Energy charge of the 3-part CED model and all
demand-related costs are allocated to the B&G Customer
charge.

Case Il. When 1, =1, then energy consumption (%)

and maximum demand (X, ) are perfectly linearly related
with no error and x, = &% . So, in this case

XZ =§_|_X1 and SXZ :§1le. (20)
Now using the relationships given in (20), the B&G
Customer charge ,80 given in (17) and the B&G Energy

Vi = (G +ax%) + X .

charge ﬁl given in (16) take the following form

Po = Go +[01% — (15, /5% ) %a)d = Go
and
B =1+8p (3185 [Sx) = G1 + a8
respectively. Under this case, the B&G model takes the form
Vi =g + (g +@61)%; - (21)
Thus, when there is perfect correlation between energy

consumption and maximum demand, i.e. when g, =1, the

B&G model produces a Customer charge that is the same as
the Customer charge of the 3-part CED model and all
demand-related costs are allocated to the B&G Energy
charge.

4.2. Allocation of Demand-related Costs between the
B&G Customer Charge and the B&G Energy
Charge

From the 3-part CED model (5), the average bill can be

computed as
Y =ap+q% + A%,

(23)

From the 2-part B&G model (5a), the average bill can be
computed as

¥ =fo+ A% (24)

Since the average bill in both the 3-part CED model and
the 2-part B&G model are the same for the reasons stated
above, equations (23) and (24) are equal and we can thus
partition the demand-related portion of the average bill,
a, X, , from the 3-part CED model as

2% = (By — o) + (A~ )%, (25)
The first term (ﬁo—o}o) is the amount of average

demand-related costs that will be allocated to the B&G
model Customer charge. Similarly, the second term

(B, —dq)% s the amount of average demand-related costs

that will be allocated to the B&G model average Energy
charge.

Thus, the proportion of demand-related costs that will be
allocated to the B&G Customer charge is given by

Pc = (fo—do)/d2%, - (26)

Using equations (9), (11), and (17), equation (26) can be
written as

Pc = (fo —do)/dr%
=[(Xp —51%) a2 [Xp62] =628 /G2 %, ]

S5, %1

=1-5% /% =1-n, 27)

5, %2

The proportion of demand-related costs that will be
allocated to the B&G Energy charge is given by

Pe = (B - )% /ér%y . (28)

Using equations (11), (16), and (27), equation (28) can be
written as

Pe = (B — 1) /do% =pd1% [dn%e

Sxy X

= 5% /% =h2 =1-pc. (29)

S, %2

Substituting 0 or 1 for r, in equations (27) and (29)
produces the same results as in section 4.1 above.

When nr,=0 , from (27) we get pc=1 and
consequently from (29) we get Ppg =0. Thus, when there is

no correlation between energy consumption and maximum
demand, the B&G model allocates all demand-related costs
to the Customer charge and allocates no demand-related
costs to the Energy charge.

Similarly, when nr, =1, from (20) and (29), Pg

SX2 Y1 _ 515X1Y1

evaluates to Pg = =1 and consequently

SX1Y2 SX1§.I.Xl
from (29), pc =0. Thus, when there is perfect correlation
between energy consumption and maximum demand, the
B&G model allocates no demand-related costs to the
Customer charge and allocates all demand-related costs to
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the Energy charge.
Sxy

X2

Since =CV the coefficient of variation of

X2 !
s

maximum demand x,, and s CVy, » the coefficient of
X

variation of energy consumption x; , equations (27) and (29)
can be rewritten as

CV,
be =1-r, 2
Pc 12 oV, (299)
and
v,
R 2
=r
PE =h2 oV, (290)

respectively.

5. The Statistical Data Analysis

The data set used in this analysis includes n=100,000
individual residential customers’ actual monthly energy
consumption ( X% ) in kWh, actual monthly maximum
demand ( x, ) in kW, and calculated monthly 3-part CED bill
(y) in dollars for the 12 months of August 2016 through
July 2017. Although an annual analysis would be a more
appropriate  procedure for implementing the B&G
methodology in practice, we have analyzed each month
separately here to illustrate how variations in kWh and kW
affect the proportion of demand-related costs allocated to
each component of the 2-part B&G rate. Below we discuss
only the analysis of data for the month of August, 2016. The
results are similar for the remaining 11 months and are
shown in the Appendix.

The 3-part CED model, equation (5), for this data set is

Y; =20.56+0.0047%j +7.77Xo; . (30)

Thus, the CED model Customer charge ($/month) is
Ay =20.56 , the CED model Energy charge ($/kWh) is
&y =0.0047 , and the CED model Demand charge ($/kW) is
&y =7.77 . Here y; represents the i customer’s calculated
CED model bill for the month of August, x; denotes the i"

customer’s actual energy consumption (kWh) during the
month of August, and x,; denotes the i" customer’s actual

maximum demand (kW) during the month of August.

The estimated August bills ( §; ) based on the 2-part B&G

model, equation (5a), are the “fitted” regression of calculated
bills y; from equation (30) on actual energy consumption

x; for the i customer for the month of August and are

§i = 46.931+0.0255x; , (31)

where /5, =46.931 is the B&G Customer charge, and

[31 =0.0255 isthe B&G Energy charge. The fitted model in

(31) minimizes the sum of the squared deviations between
the calculated August bills y; under the 3-part CED model

and the fitted August bills §; under the 2-part B&G model.
The fitted regression of maximum demand ( X, ) on energy
consumption ( %, ), equation (7a), for this August data is

%, =3.394+0.0027% (32)

where &, =3.394 and & =0.0027 with r,=0.85,
Sy, =860, and S,, =2.88.
Now observe from equation (31), (18), and (15) that
fo = 46.931 = 20.56+7.77(3.394) = dy + 45,
and
B =0.0255 = 0.0047 +7.77(0.0027) = & + G5, .

Thus, from the data we observe that our assumed model is
appropriate.

5.1. Allocation of Demand-related Costs between the
B&G Customer Charge and the B&G Energy
Charge

Applying equation (27) to the August data, the proportion
of demand-related costs to be allocated to the B&G
Customer charge is

Pe = 0y/%y =1-5% /X, = 3.394/7.56 =0.45.

Applying equation (29) to the August data, the proportion
of demand-related costs to be allocated to B&G Energy
chargeis pg =1-pc =0.55.

A summary of the 3-part CED model, the 2-part B&G
model, and the regression of demand on energy for the
month of August are given in Table 1. below.

The results of the remaining eleven months are listed in
Table 2.

Table 1.  Summary of results for the month of August, 2016

MM/YY Variable mean variance other 3-Part Model | 2-Part Model Xz on Xy Partitioning
X, (kWh) | 1561.63 | 739597.1 n=100,000 ao | 205600 | Bo | 46.9310 | & 3.3940 pc=45%
08/16 X2 (KW) 0007.56 | 000008.3 | r(X;,X,)=0.85 | a; | 00.0047 | B; | 00.0255 | &, 0.0027 Pe=55%
Y ($) 0078.51 | 000663.5 a; | 07.7700 | R2 | 00.7222 | R2 0.6334
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Table 2. Summary of regression results for all twelve months

MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X; (kWh) | 1561.63 | 739597.1 n=100,000 oo | 20.5600 | Bo | 46.9310 | & | 3.3940 pc=45%
08/16 Xz (kW) | 0007.56 | 000008.3 r(X1,X2)=0.85 o | 00.0047 | B; | 00.0255 | & 0.0027 pe=55%
Y ($) 0078.51 000663.5 o2 07.7700 R2 | 00.7222 R2 | 0.6334
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
Xy (kWh) | 1462.25 | 682758.4 n=100,000 0o | 20.5600 | Bo | 46.9806 | & | 3.4003 pc=47%
09/16 X, (KW) 0007.30 000007.9 r(X1,X;)=0.84 O 00.0047 Ba 00.0254 & 0.0027 Pe=53%
Y ($) 0084.14 000622.8 o2 07.7700 R2 | 00.7078 R2 | 0.6167
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model Xz 0n Xy Partitioning
X1 (kWh) 1159.02 458062.6 n=100,000 Oo 20.5600 Bo 46.8743 So 3.3867 pc=48%
10/16 X, (kW) 0007.05 000007.6 r(X4,X2)=0.83 [ 00.0047 B 00.0292 & 0.0032 Pe=52%
Y (%) 0080.44 | 000571.9 a; | 07.7700 | R2 | 00.6852 | R2 | 0.6053
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model Xz 0on Xy Partitioning
X; (kwh) | 0872.61 307790.3 n=100,000 o 20.5600 Bo 47.4064 do 3.4551 pc=51%
11/16 Xz (kW) | 0006.73 | 000008.4 r(X1,X2)=0.77 a; | 00.0047 | By | 00.0339 | & 0.0038 pPe=49%
Y ($) 0076.95 000595.1 o2 07.7700 Rz | 00.5927 R2 | 0.5191
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X; (KWh) | 0893.04 | 346720.8 n=100,000 oo | 20.5600 | Bo | 47.5842 | & | 3.4780 pc=48%
12/16 Xz (kw) | 0007.41 | 000013.1 r(X1,X2)=0.76 o | 00.0047 | B; | 00.0389 | & 0.0044 pe=52%
Y ($) 0082.31 | 000908.9 a; | 07.7700 | R2| 00.5768 | R2 | 0.5130
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
Xy (kWh) | 1035.35 | 442489.5 n=100,000 0o | 20.5600 | Bo | 49.0075 | & | 3.6612 pc=45%
01/17 Xz (kW) | 0008.20 | 000015.7 r(X1,X2)=0.78 o | 00.0047 | B, | 00.0388 | & 0.0044 pe=55%
Y ($) 0089.16 001097.8 o2 07.7700 R2 | 00.6063 R2 | 0.5432
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X1 (kWh) | 0849.98 287117.1 n=100,000 Oo 20.5600 Bo 46.1497 So 3.2934 pc=46%
02/17 X, (kW) 0007.29 000012.4 r(X1,X2)=0.76 [ 00.0047 B 00.0412 & 0.0047 Pe=54%
Y ($) 0081.20 000854.5 o2 07.7700 R2 | 00.5715 R2 | 0.5115
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model Xz on Xy Partitioning
X; (kwh) | 0803.96 249373.9 n=100,000 Oo 20.5600 Bo 45.6630 do 3.2308 pc=48%
03/17 Xz (kw) | 0006.84 | 000010.8 r(X1,%X2)=0.73 o | 00.0047 | By | 00.0396 | & 0.0045 pe=52%
Y ($) 0077.48 000738.7 o2 07.7700 Rz | 00.5287 R2 | 0.4655
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X; (kwh) | 0904.07 | 320708.8 n=100,000 0o | 20.5600 | Bo | 49.8646 | & | 3.7715 pc=53%
04/17 Xz (kW) | 0007.19 | 000009.2 r(X1,X2)=0.76 o | 00.0047 | B; | 00.0340 | & 0.0038 pe=47%
Y ($) 0080.64 | 000651.6 a; | 07.7700 | R2| 005702 | R2 | 0.4964
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on X3 Partitioning
X; (KWh) | 0998.30 | 386929.7 n=100,000 0o | 20.5600 | Bo | 48.3329 | & | 3.5744 Pc=52%
05/17 X, (kW) 0006.97 000007.9 r(X4,X,)=0.80 [ 00.0047 B1 00.0311 & 0.0034 pPe=48%
Y ($) 0079.41 | 000584.1 a; | 07.7700 | R2| 00.6421 | R2 | 0.5639
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MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X5 (kwh) | 1270.18 549997.7 n=100,000 ao | 20.5600 | Po | 47.5483 | do 3.4734 pc=48%
06/17 Xz (kW) 0007.34 | 000008.3 r(X1,X2)=0.84 o 00.0047 B | 00.0283 | & 0.0030 pe=52%
Y ($) 0083.54 | 000632.4 a | 07.7700 | R2 | 00.6982 | R2 | 0.6169
MM/YY | Variable mean variance other 3-Part Model | 2-Part Model X, on Xy Partitioning
X1 (kwh) | 1498.38 706134.0 n=100,000 ao | 20.5600 | Po | 46.9449 | do 3.3957 pc=46%
07/17 X, (KW) 0007.60 | 000008.7 r(X1,X2)=0.85 o 00.0047 B 00.0265 | & 0.0028 pPe=54%
Y ($) 0086.64 | 000680.4 a | 07.7700 | R2 | 00.7283 | R2 | 0.6446

6. Concluding Remarks

This paper further develops the 2014 and 2016 work of
Drs. Larry Blank and Douglas Gegax by providing a
mathematical description of how energy and demand
variations across households affect the proportion of
demand-related costs allocated to the two parts of a
residential electricity rate using the B&G methodology.
Twelve months of actual kWh and kW data for 100,000
residential customers were used to illustrate the
mathematical conclusions.

As shown in equations (29a) and (29b), the proportion of
demand-related costs allocated to each component of the
2-part residential rate depends on the correlation between
monthly energy and demand as well as the coefficients of
variation of demand and energy. Blank and Gegax (2016)
estimated these proportions only empirically. We derived
these closed forms theoretically and verified empirically. As
evidenced by the mathematical examination in this paper,
these factors are fully incorporated in the single linear
regression of the B&G methodology.
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