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概览	
�

•  Distribution System Impacts of distributed PV 	
�

	
�分布式太阳能光伏对配电系统的影响	
�

•  Bulk Power System Impacts 对大电力系统影响	
�

-  System stability 系统稳定性	
�

-  Contribution to resource adequacy 增加电源充裕度Scheduling 
PV generation and forecasting 光伏发电计划和功率预测	
�

-  Managing short-term variability 短期波动性管理	
�

•  Estimates solar integration costs 	
�

	
�估算太阳能并网成本	
�
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plant at a time. When the next PV interconnection applica-
tion is considered for review and study, the base case will 
then include any previously studied and approved PV-DG 
plants on the feeder.

The objective of steady-state simulations is to analyze 
feeder voltage profi les, equipment loading, power fl ows, 
and losses for the base case (without PV or with only pre-
viously connected PV-DG plants) and after interconnection 
of a newly proposed PV-DG plant. Furthermore, simula-
tions capture the number of operations for LTCs, line volt-
age regulators, and capacitor banks. Study results estimate 
the annual operation increases and assess potential impacts 
on equipment maintenance. Numerous simulations may be 
required to model different scenarios involving variations in 
load and PV generation. The inputs required for these analy-
ses include: 

1) a detailed distribution feeder model, including set-
tings of voltage control and regulation equipment 

2) a typical PV-DG injection profi le (monthly and annual 
average)

3) PV-DG capacity in kW
4) 8,760-hour feeder load data. 

If available, additional information, such as the status of 
capacitor banks and typical customer power factors, can 
improve the accuracy of the results.

Potential Steady-State 
Impacts and Concerns
Some of the most common expected impacts of PV-DG on 
the distribution system include the following.

Reverse Power Flow 
Proliferation of PV-DG can lead to reverse power-fl ow con-
ditions at section, feeder, and substation levels, as shown in 
Figure 6. Reverse power fl ow can negatively affect protection 
coordination and operation of line voltage regulators. Under 
high-penetration scenarios, the total PV-DG output will 
likely offset the feeder load. The power fl ow direction will be 
reversed, and the feeder will start exporting power to neigh-
bor feeders or to the transmission system. Because distribu-
tion feeders are typically designed for unidirectional power 
fl ows, this situation may noticeably affect the overcurrent 
protection coordination of the distribution system. Therefore, 
to account for possible reverse power fl ow, specifi c studies 
must be done on a feeder-by-feeder basis to select the most 
adequate protection strategy and design if high penetration of 
utility-scale PV-DG plants is expected. Reverse power fl ow 
can also affect the operation of VRs, and they must be evalu-
ated under control modes that allow bidirectional power fl ow 
(e.g., cogeneration or bidirectional modes) to avoid poten-
tial voltage violations. Note that PV-DG may cause reverse 
power fl ow during the daytime. Hence, any selected operation 
mode for voltage regulators should be truly bidirectional and 
assessed for no-PV cases with opposite power fl ow expected 
at night or low-PV generation conditions.

Voltage Rise 
and Fluctuations 
Some of the most notorious impacts of PV-DGs are voltage 
rise and voltage variations due to output intermittency. Both 
issues worsen as the penetration level of PV-DG increases. 
The effects are particularly evident and problematic when 
large PV-DG plants are connected near the end of long, 
lightly loaded feeders. Figure 7 shows an example of the 
PV-DG impact on a feeder voltage profi le. The magnitude of 
the voltage rise depends on the  confi guration of each feeder 
and the location of the PV-DG and capacitor banks. Some 
solutions for mitigating this impact are to: 

1) modify the control settings of capacitor banks to 
ensure that they are off during maximum PV-DG 
output

figure 5. System schematic for express feeder studies.
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figure 6. Reverse power flow for various penetration levels 
of PV-DG.
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2) avoid using fi xed capacitor banks
3) lower the voltage reference on LTCs and line voltage 

regulators. 
A more effective solution is to operate the PV-DG plants at 
nonunity leading power factors (absorbing VArs).

Interaction with Capacitor Banks, 
LTCs, and Line VRs 
Voltage rise and fl uctuations have a direct impact on feeder 
voltage profi les, which can lead to frequent operation of 
LTCs, line VRs, and voltage-controlled capacitor banks. 
This may cause additional step-voltage changes. Due to typi-
cal delays associated with the control methodology of these 
devices (e.g., 30–90 s), minute-based step-voltage varia-
tions may be experienced. In addition, more frequent opera-
tion shortens the expected life cycle of these devices and 
increases maintenance requirements. In the special case of 
using line-drop compensation (LDC) for LTCs or line VRs, 
the voltage impact may become more signifi cant because 
voltage regulation is a function of line current, which is off-
set by the PV-DG plants.

Reactive Power Fluctuations 
Frequent on-off switching of voltage-controlled capacitor 
banks and frequent operation of LTCs and line VRs lead to 
reactive power fl ow fl uctuations. If the penetration level of 
PV-DG plants is large and widespread, this may also affect 
subtransmission and transmission systems. The disconnec-
tion of capacitor banks implies that this reactive power has 
to be supplied by the transmission system. This can have 
important economic impacts for large penetration levels 
of PV-DG, given that transmitting reactive power is more 
expensive than supplying it locally. It also has various impli-
cations for distribution substations and transmission lines, 
such as increasing losses and substation/transmission line 
loading. Figure 8 shows an example of reactive power fl uc-
tuations on a distribution feeder caused by the operation of 
a voltage-controlled capacitor bank due to a PV-DG–driven 
voltage rise.

Modification of Feeder 
Section Loading 
The location of the PV-DG can signifi cantly affect the 
loading of feeder sections. Therefore, before installing 
 utility-scale PV-DG plants, it is necessary to verify that 
the feeder sections located between the PV-DG plants and 
substation have enough available capacity to distribute the 

 surplus power of the PV-DG plants (after subtracting local 
and downstream load). Similarly, it is necessary to verify that 
the ratings of distribution switchgears and equipment are not 
exceeded. In some cases, particularly for large penetration 
levels, reconductoring of some sections may be necessary. 
Figure 9 shows the loading of the initial section of 15 differ-
ent feeders as a function of the penetration level of PV-DG. 
Here, for low to moderate penetration levels, PV-DG offsets 
the load and decreases section  loading. At high penetrations, 
however, the section loading is increased, as the PV-DG con-
tribution is larger than the base load.

Increase in Power Losses 
The impact of PV-DG on losses is similar to that on sec-
tion loading. For low to moderate penetration levels, line 
losses tend to decrease until they reach a minimum. For 

figure 7. Impact of PV-DG on feeder voltage profile.
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figure 8. Reactive power fluctuations due to interconnec-
tion of PV-DG.
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Dynamic studies for PV-DG integration typically 
analyze the effects of fast-varying phenomena caused by 
the PV-DG or initiated on the system.
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high PV-DG penetration levels, line losses tend to increase  
for several reasons. For instance, the loading of distribu-
tion lines under high PV-DG penetration may be greater 
than the normal feeder loading conditions. Another reason 
may be the lack of local reactive power supply via capacitor 
banks (if they have been switched off due to voltage rise). 
Moreover, the nodal voltage increase caused by high PV-DG 
penetration will increase the no-load losses of distribution 
transformers.  Figure 10 shows a plot of feeder losses as a 
function of the penetration level of PV-DG. The results show 
the initial decreasing trend of losses until they reach a mini-
mum and then an increase until they exceed the losses for the 
base case (no PV-DG).

Dynamic Analysis 
and Effects
Dynamic studies for PV-DG integration typically analyze the 
effects of fast-varying (transient) phenomena caused by the 
PV-DG (e.g., generation intermittency due to cloud move-
ments) or initiated on the system (e.g., following faults and 
subsequent switching). The time frame of interest may vary 
from subminute to several hours with very fi ne time steps 
that can capture the dynamic behavior and response time of 
the feeder equipment, including PV inverters (typically with 
subsecond steps), automatic voltage control devices (with 
subminute or minute steps), and loads.

Dynamic analysis generally covers study cases for light 
and heavy load conditions such as sudden connection and 
disconnection (tripping) of a PV-DG plant; quick, large 
fl uctuations of the PV-DG output due to intermittency; and 
accidental islanding of part of a feeder downstream of an 
automatic switching device (a recloser or remote-controlled 
switch). The main study objectives are usually to determine 
the impact of PV-DG integration on voltage transients and 
power quality (e.g., voltage sags, swells, and fl icker) and/
or PV-DG behavior during faults and system dynamics. 
Such studies typically include potential interactions of con-
ventional and nonconventional voltage control devices on 
a feeder.

Figure 11 shows a proposed study methodology for 
dynamic analysis. Color coding is used to relate overall 
process fl ow blocks (on the right) to the specifi c steps (on 
the left) for each stage of the study. The approach starts with 
developing and verifying a base-case dynamic feeder model 
including control aspects of automatic voltage regulation 
devices and generic or vendor-specifi c PV inverter models. 
No-PV study cases refer to the base-case situation of the 
feeder prior to adding a newly proposed PV-DG plant. The 
base-case model may include any existing generation plant 
(conventional or nonconventional) and is used to determine 
initial feeder conditions such as the status of capacitor 
banks and tap changer positions for LTCs or VRs. In the 
next step, prespecifi ed PV study scenarios are simulated. 
Two main groups of study cases are normally defi ned: 

 ! studies involving PV-DG output variations and 
 investigating their impact on feeder voltages and 
 operation

 ! case studies intended to assess the effects of tran-
sients and subsequent switching initiated on the 
feeder on the PV-DG operation to determine any ad-
verse power-quality consequences. 

Solar photovoltaic distributed generation systems are one of the 
fastest-growing types of renewable energy sources being integrated 
worldwide onto conventional distribution systems

figure 9. Feeder section loading as a function of PV-DG 
penetration level.
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2) avoid using fi xed capacitor banks
3) lower the voltage reference on LTCs and line voltage 

regulators. 
A more effective solution is to operate the PV-DG plants at 
nonunity leading power factors (absorbing VArs).

Interaction with Capacitor Banks, 
LTCs, and Line VRs 
Voltage rise and fl uctuations have a direct impact on feeder 
voltage profi les, which can lead to frequent operation of 
LTCs, line VRs, and voltage-controlled capacitor banks. 
This may cause additional step-voltage changes. Due to typi-
cal delays associated with the control methodology of these 
devices (e.g., 30–90 s), minute-based step-voltage varia-
tions may be experienced. In addition, more frequent opera-
tion shortens the expected life cycle of these devices and 
increases maintenance requirements. In the special case of 
using line-drop compensation (LDC) for LTCs or line VRs, 
the voltage impact may become more signifi cant because 
voltage regulation is a function of line current, which is off-
set by the PV-DG plants.

Reactive Power Fluctuations 
Frequent on-off switching of voltage-controlled capacitor 
banks and frequent operation of LTCs and line VRs lead to 
reactive power fl ow fl uctuations. If the penetration level of 
PV-DG plants is large and widespread, this may also affect 
subtransmission and transmission systems. The disconnec-
tion of capacitor banks implies that this reactive power has 
to be supplied by the transmission system. This can have 
important economic impacts for large penetration levels 
of PV-DG, given that transmitting reactive power is more 
expensive than supplying it locally. It also has various impli-
cations for distribution substations and transmission lines, 
such as increasing losses and substation/transmission line 
loading. Figure 8 shows an example of reactive power fl uc-
tuations on a distribution feeder caused by the operation of 
a voltage-controlled capacitor bank due to a PV-DG–driven 
voltage rise.

Modification of Feeder 
Section Loading 
The location of the PV-DG can signifi cantly affect the 
loading of feeder sections. Therefore, before installing 
 utility-scale PV-DG plants, it is necessary to verify that 
the feeder sections located between the PV-DG plants and 
substation have enough available capacity to distribute the 

 surplus power of the PV-DG plants (after subtracting local 
and downstream load). Similarly, it is necessary to verify that 
the ratings of distribution switchgears and equipment are not 
exceeded. In some cases, particularly for large penetration 
levels, reconductoring of some sections may be necessary. 
Figure 9 shows the loading of the initial section of 15 differ-
ent feeders as a function of the penetration level of PV-DG. 
Here, for low to moderate penetration levels, PV-DG offsets 
the load and decreases section  loading. At high penetrations, 
however, the section loading is increased, as the PV-DG con-
tribution is larger than the base load.

Increase in Power Losses 
The impact of PV-DG on losses is similar to that on sec-
tion loading. For low to moderate penetration levels, line 
losses tend to decrease until they reach a minimum. For 

figure 7. Impact of PV-DG on feeder voltage profile.
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figure 8. Reactive power fluctuations due to interconnec-
tion of PV-DG.
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analyze the effects of fast-varying phenomena caused by 
the PV-DG or initiated on the system.
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Bulk Power System Stability���᠋᠌᠍᠎﻿
大电力系统稳定性	
�

•  PV can impact frequency response (similar to wind) 光伏可以影响频率响应 （类
似于风电）	
�

-  PV interconnect with inverters 光伏与逆变器相联	
�

-  Inverters have no mechanical inertia 逆变器没有机械惯性	
�

-  System inertia and frequency regulation are reduced as conventional generation is de-committed. 常
规能源发电被替代后，系统惯性和调频能力降低	
�

-  Reduced inertia results larger frequency excursions from power imbalances        惯性减少导致系
统不平横带来更大的频率波动	
�

-  PV systems can add frequency control to maintain frequency performance          光伏系统可以增
加频率控制来维持频率稳定	
�

•  PV IEEE 1547 standard requires inverters to trip during grid events PV IEEE 1547
标准要求逆变器在电网出现问题时跳闸	
�

•  If large portion trips at same time, reliability will be reduced 如果很多逆变器同时跳闸，将
降低电网可靠性	
�

-  Low voltage ride through (LVRT) standards needed for high PV 高比例光伏需要低电压穿越 
（LVRT）标准	
�

4 Source: Achilles et al 2008 



Contribution of Solar to Resource Adequacy���᠋᠌᠍᠎﻿
光电增加电源充裕性	
�

•  Solar capacity credit can be higher than wind in places where peak loads are summer cooling 
loads 在峰值负荷为夏季制冷负荷的地区，光电容量置信度可以高于风能	
�

-  Capacity credit will be low in systems with peak loads at night 峰值负荷处于夜间的系
统，光电的容量置信度要低些	
�

•  Adding at least 4 hours of thermal storage can increase the capacity credit of CSP to the 
capacity credit of a conventional plant (Madaeni et al 2011) 	
�

    增加4小时的储热系统可以将光电的容量置信度提高至和火电一样高	
�
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the difference between state-of-the-art forecasts and perfect 
 forecasts is negligible. 

Grid Operations
By the study year (2030), it is anticipated that grid opera-
tions will be performed differently from current practice 
in order to increase the effi ciency of system dispatch. This 
study assumed least-cost economic dispatch throughout the 
United States, where all generation resources are shared 
equally and not committed to specifi c loads. Essentially, this 
represents frictionless markets with no signifi cant transac-
tion costs between balancing authority areas. The operational 
 simulations in GridView allowed least-cost dispatch across all 
three interconnects (enabled by the new transfer capacity dis-
cussed previously). 

Access to transmission lines is given to whichever gener-
ators minimize the systemwide production cost; the analysis 
assumes that no bilateral contracts with fi rm, reserved trans-
mission capacity exist. Balancing authorities are assumed to 
be part of reserve-sharing groups that roughly correspond 
to existing regional transmission operators (RTOs) and 
reserve-sharing groups with some consolidation in other 
areas. This represents a signifi cant change from current 
practices, where each interconnect is essentially isolated. 
Within the Eastern and Western interconnections, there are 
a large number of individual balancing area authorities with 
varying degrees of cooperative scheduling practices.

Grid Impacts of Solar Penetration

Operations
The hourly production cost modeling demonstrated the basic 
ability of an electric power system with 20% solar genera-
tion and 12% wind generation to balance hourly supply and 
demand. The successful balancing of supply and demand 
depends on the ability of various technologies to supply fl ex-
ibility to the system and can be demonstrated by examining 
two challenging periods of system operations.

In today’s electric power system, the summer peak is the 
most diffi cult time for operation because of the high overall 
demand and the large difference between demand during 
peak hours and demand during off-peak hours. Peaking units 
are used heavily during this time; approximately 150 GW of 
natural gas combustion turbines are cycled on and off each 
day to handle the peak load in the 2030  reference case. 

Figure 3(a) shows the hourly dispatch from GridView 
for the entire United States during a typical four-day period 
during the summer for the reference case, with no new solar 
penetration in 2030. Figure 3(b) shows the same period, in 
the 20% solar scenario, demonstrating that only 50–75 GW 
of combustion turbine generators are required during peak 
load hours due to the contribution of solar PV and CSP dur-
ing peak hours. CSP units with thermal storage generate 
at more than half their capacity during all hours and gen-
erate at near-peak capacity during the evening, after PV 

 generation has decreased but load is still high. During these 
evening hours, the remaining thermal generators ramp up to 
provide additional energy. The peak for the net load (load 
minus wind and solar) shifts from the afternoon hours in 
today’s system to the evening hours in the model, after PV is 
no longer producing energy.

In the 20% solar scenario, the most challenging region 
of the country in terms of electric system operation would 
likely be in the Western Electricity Coordinating Coun-
cil (WECC). The GridView model projects that 42% of 
WECC generation will come from solar sources and 16% 
from wind, in this scenario (after curtailment). Variable 
generators, including solar PV and wind, supply 30% of 

figure 3. (a) Nationwide dispatch, summer peak (reference 
case, no new solar); (b) nationwide dispatch, summer peak 
(20% solar case).

800

700

600

500

400

300

200

100

0

Ju
l-1

6
00

:0
0

Ju
l-1

6
12

:0
0

Ju
l-1

7
00

:0
0

Ju
l-1

7
12

:0
0

Ju
l-1

8
00

:0
0

Ju
l-1

8
12

:0
0

Ju
l-9

00
:0

0
Ju

l-1
9

12
:0

0

P
ow

er
 (G

W
)

800

700

600

500

400

300

200

100

0

Ju
l-1

6
00

:0
0

Ju
l-1

6
12

:0
0

Ju
l-1

7
00

:0
0

Ju
l-1

7
12

:0
0

Ju
l-1

8
00

:0
0

Ju
l-1

8
12

:0
0

Ju
l-9

00
:0

0
Ju

l-1
9

12
:0

0

P
ow

er
 (G

W
)

PV
CSP
Wind

Other
Hydropower
Gas CT

Gas CC
Coal
Nuclear

(a)

(b)

Scheduling Solar Resources and Operational Integration ���᠋᠌᠍᠎﻿
太阳能资源发电计划与并网	
�
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the difference between state-of-the-art forecasts and perfect 
 forecasts is negligible. 

Grid Operations
By the study year (2030), it is anticipated that grid opera-
tions will be performed differently from current practice 
in order to increase the effi ciency of system dispatch. This 
study assumed least-cost economic dispatch throughout the 
United States, where all generation resources are shared 
equally and not committed to specifi c loads. Essentially, this 
represents frictionless markets with no signifi cant transac-
tion costs between balancing authority areas. The operational 
 simulations in GridView allowed least-cost dispatch across all 
three interconnects (enabled by the new transfer capacity dis-
cussed previously). 

Access to transmission lines is given to whichever gener-
ators minimize the systemwide production cost; the analysis 
assumes that no bilateral contracts with fi rm, reserved trans-
mission capacity exist. Balancing authorities are assumed to 
be part of reserve-sharing groups that roughly correspond 
to existing regional transmission operators (RTOs) and 
reserve-sharing groups with some consolidation in other 
areas. This represents a signifi cant change from current 
practices, where each interconnect is essentially isolated. 
Within the Eastern and Western interconnections, there are 
a large number of individual balancing area authorities with 
varying degrees of cooperative scheduling practices.

Grid Impacts of Solar Penetration

Operations
The hourly production cost modeling demonstrated the basic 
ability of an electric power system with 20% solar genera-
tion and 12% wind generation to balance hourly supply and 
demand. The successful balancing of supply and demand 
depends on the ability of various technologies to supply fl ex-
ibility to the system and can be demonstrated by examining 
two challenging periods of system operations.

In today’s electric power system, the summer peak is the 
most diffi cult time for operation because of the high overall 
demand and the large difference between demand during 
peak hours and demand during off-peak hours. Peaking units 
are used heavily during this time; approximately 150 GW of 
natural gas combustion turbines are cycled on and off each 
day to handle the peak load in the 2030  reference case. 

Figure 3(a) shows the hourly dispatch from GridView 
for the entire United States during a typical four-day period 
during the summer for the reference case, with no new solar 
penetration in 2030. Figure 3(b) shows the same period, in 
the 20% solar scenario, demonstrating that only 50–75 GW 
of combustion turbine generators are required during peak 
load hours due to the contribution of solar PV and CSP dur-
ing peak hours. CSP units with thermal storage generate 
at more than half their capacity during all hours and gen-
erate at near-peak capacity during the evening, after PV 

 generation has decreased but load is still high. During these 
evening hours, the remaining thermal generators ramp up to 
provide additional energy. The peak for the net load (load 
minus wind and solar) shifts from the afternoon hours in 
today’s system to the evening hours in the model, after PV is 
no longer producing energy.

In the 20% solar scenario, the most challenging region 
of the country in terms of electric system operation would 
likely be in the Western Electricity Coordinating Coun-
cil (WECC). The GridView model projects that 42% of 
WECC generation will come from solar sources and 16% 
from wind, in this scenario (after curtailment). Variable 
generators, including solar PV and wind, supply 30% of 

figure 3. (a) Nationwide dispatch, summer peak (reference 
case, no new solar); (b) nationwide dispatch, summer peak 
(20% solar case).
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the difference between state-of-the-art forecasts and perfect 
 forecasts is negligible. 

Grid Operations
By the study year (2030), it is anticipated that grid opera-
tions will be performed differently from current practice 
in order to increase the effi ciency of system dispatch. This 
study assumed least-cost economic dispatch throughout the 
United States, where all generation resources are shared 
equally and not committed to specifi c loads. Essentially, this 
represents frictionless markets with no signifi cant transac-
tion costs between balancing authority areas. The operational 
 simulations in GridView allowed least-cost dispatch across all 
three interconnects (enabled by the new transfer capacity dis-
cussed previously). 

Access to transmission lines is given to whichever gener-
ators minimize the systemwide production cost; the analysis 
assumes that no bilateral contracts with fi rm, reserved trans-
mission capacity exist. Balancing authorities are assumed to 
be part of reserve-sharing groups that roughly correspond 
to existing regional transmission operators (RTOs) and 
reserve-sharing groups with some consolidation in other 
areas. This represents a signifi cant change from current 
practices, where each interconnect is essentially isolated. 
Within the Eastern and Western interconnections, there are 
a large number of individual balancing area authorities with 
varying degrees of cooperative scheduling practices.

Grid Impacts of Solar Penetration

Operations
The hourly production cost modeling demonstrated the basic 
ability of an electric power system with 20% solar genera-
tion and 12% wind generation to balance hourly supply and 
demand. The successful balancing of supply and demand 
depends on the ability of various technologies to supply fl ex-
ibility to the system and can be demonstrated by examining 
two challenging periods of system operations.

In today’s electric power system, the summer peak is the 
most diffi cult time for operation because of the high overall 
demand and the large difference between demand during 
peak hours and demand during off-peak hours. Peaking units 
are used heavily during this time; approximately 150 GW of 
natural gas combustion turbines are cycled on and off each 
day to handle the peak load in the 2030  reference case. 

Figure 3(a) shows the hourly dispatch from GridView 
for the entire United States during a typical four-day period 
during the summer for the reference case, with no new solar 
penetration in 2030. Figure 3(b) shows the same period, in 
the 20% solar scenario, demonstrating that only 50–75 GW 
of combustion turbine generators are required during peak 
load hours due to the contribution of solar PV and CSP dur-
ing peak hours. CSP units with thermal storage generate 
at more than half their capacity during all hours and gen-
erate at near-peak capacity during the evening, after PV 

 generation has decreased but load is still high. During these 
evening hours, the remaining thermal generators ramp up to 
provide additional energy. The peak for the net load (load 
minus wind and solar) shifts from the afternoon hours in 
today’s system to the evening hours in the model, after PV is 
no longer producing energy.

In the 20% solar scenario, the most challenging region 
of the country in terms of electric system operation would 
likely be in the Western Electricity Coordinating Coun-
cil (WECC). The GridView model projects that 42% of 
WECC generation will come from solar sources and 16% 
from wind, in this scenario (after curtailment). Variable 
generators, including solar PV and wind, supply 30% of 

figure 3. (a) Nationwide dispatch, summer peak (reference 
case, no new solar); (b) nationwide dispatch, summer peak 
(20% solar case).
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the difference between state-of-the-art forecasts and perfect 
 forecasts is negligible. 

Grid Operations
By the study year (2030), it is anticipated that grid opera-
tions will be performed differently from current practice 
in order to increase the effi ciency of system dispatch. This 
study assumed least-cost economic dispatch throughout the 
United States, where all generation resources are shared 
equally and not committed to specifi c loads. Essentially, this 
represents frictionless markets with no signifi cant transac-
tion costs between balancing authority areas. The operational 
 simulations in GridView allowed least-cost dispatch across all 
three interconnects (enabled by the new transfer capacity dis-
cussed previously). 

Access to transmission lines is given to whichever gener-
ators minimize the systemwide production cost; the analysis 
assumes that no bilateral contracts with fi rm, reserved trans-
mission capacity exist. Balancing authorities are assumed to 
be part of reserve-sharing groups that roughly correspond 
to existing regional transmission operators (RTOs) and 
reserve-sharing groups with some consolidation in other 
areas. This represents a signifi cant change from current 
practices, where each interconnect is essentially isolated. 
Within the Eastern and Western interconnections, there are 
a large number of individual balancing area authorities with 
varying degrees of cooperative scheduling practices.

Grid Impacts of Solar Penetration

Operations
The hourly production cost modeling demonstrated the basic 
ability of an electric power system with 20% solar genera-
tion and 12% wind generation to balance hourly supply and 
demand. The successful balancing of supply and demand 
depends on the ability of various technologies to supply fl ex-
ibility to the system and can be demonstrated by examining 
two challenging periods of system operations.

In today’s electric power system, the summer peak is the 
most diffi cult time for operation because of the high overall 
demand and the large difference between demand during 
peak hours and demand during off-peak hours. Peaking units 
are used heavily during this time; approximately 150 GW of 
natural gas combustion turbines are cycled on and off each 
day to handle the peak load in the 2030  reference case. 

Figure 3(a) shows the hourly dispatch from GridView 
for the entire United States during a typical four-day period 
during the summer for the reference case, with no new solar 
penetration in 2030. Figure 3(b) shows the same period, in 
the 20% solar scenario, demonstrating that only 50–75 GW 
of combustion turbine generators are required during peak 
load hours due to the contribution of solar PV and CSP dur-
ing peak hours. CSP units with thermal storage generate 
at more than half their capacity during all hours and gen-
erate at near-peak capacity during the evening, after PV 

 generation has decreased but load is still high. During these 
evening hours, the remaining thermal generators ramp up to 
provide additional energy. The peak for the net load (load 
minus wind and solar) shifts from the afternoon hours in 
today’s system to the evening hours in the model, after PV is 
no longer producing energy.

In the 20% solar scenario, the most challenging region 
of the country in terms of electric system operation would 
likely be in the Western Electricity Coordinating Coun-
cil (WECC). The GridView model projects that 42% of 
WECC generation will come from solar sources and 16% 
from wind, in this scenario (after curtailment). Variable 
generators, including solar PV and wind, supply 30% of 

figure 3. (a) Nationwide dispatch, summer peak (reference 
case, no new solar); (b) nationwide dispatch, summer peak 
(20% solar case).
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Sample of existing and ongoing studies of system operations with solar 

对含太阳能发电的系统运行的现有研究���᠋᠌᠍᠎﻿
	
�

7 

Author, 
Date  

Region PV 
(MW) 

CSP 
(MW) 

Notes  

GE, 2007 CA, WECC 630 – 
2,900  

1,200 – 
3,100 

(1) CA Intermittency Analysis Project (2) DA forecast error 
based on the monthly average of the actual solar (3) 15-
min PV data from 13 sites with synthesized 1-min data 

Enernex, 
2009 

Xcel, CO 100 200 – 
600 

(1) Day-ahead forecast based on previous day production 
profile.  (2) No within-hour variability or uncertainty (3) 
Estimated inefficiencies in system dispatch caused by 
uncertainties in DA solar forecast 

GE, 2010 WestConnect, 
WECC  

2,900  – 
6,900 

2,900 – 
5,400 

(1) Western Wind and Solar Integration Study (2) Hourly 
satellite derived solar data with synthesized 10-min 
variability (3) Day-ahead forecasts from meso-scale models 

CAISO, 
2010 

CA 830 1,400 (1) 20% RPS case (2) DA forecasts from [???] (3) 
Evaluation of existing fleet capability (4) Quantification of 
regulation and load following need (5) Existing fleet can 
integrate renewables 

Navigant, 
2011 

NVEnergy, 
NV only 

150- 
1040 

- (1) Costs associated with PV wanting to connect to system 
(2) sub-hourly reserves (2) includes large plants (300MW) 

CAISO, 
ongoing 

CA, WECC 6,700 4,500 (1) 33% RPS cases (2) No day-ahead forecast error (3) 
Quantifies load-following and regulation needs (4) Adds 
CT’s to mitigate violations in model   



Motion Vector Forecasts 运动矢量预测	
�
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Source: Hamill and Nehrkorn (1993) 



Sample of Solar Forecast Methods���᠋᠌᠍᠎﻿
几种太阳能预测方法	
�
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Lorenz et al., 2004 (Single station; Persistence forecast)

Lorenz et al., 2004 (Single station; Satellite-based motion vector forecast)

Perez et al., 2007 (Single station; Best fit to National Digital Forecast Database-derived irradiance)

Lorenz et al., 2009 (Single station; European Centre for Medium-Range Weather Forecasts)

Lorenz et al., 2009 (Ensemble of stations; European Centre for Medium-Range Weather Forecasts)

Hammer et al.  1999 (Ensemble of stations; Persistence forecast)

Hammer et al.  1999 (Ensemble of stations; Satellite-based motion vector forecast)

*Relative Root Sq. Mean Error of Global Solar Insolation Forecast

•  Persistence and MVF are 
adequate for short-term (<4 
hours) 持续性和运动矢量预
测方法可以做短期 （小于4
小时）预测	
�

•  Numerical weather models 
perform better for longer 
term forecasts 数值天气预报
模型做长期预测效果更好	
�

•  Forecast errors for ensemble 
of solar plants will be lower 
than forecasts for individual 
plants 群体电站预测误差小
于单个电站预测误差	
�



Many options available for generating solar forecasts���᠋᠌᠍᠎﻿
 太阳能发电预测还有很多可行的办法	
�

•  Long-term (Multi-hour to multi-day horizon): 长期 （数小时或数天）	
�

-  National Digital Forecast Database: 3-h basis for up to 3-days-ahead and on a 6-
h basis up to 6-days-ahead 国家数字预报数据库：基于3小时数据的三天预
测，基于6小时数据的六天预测	
�

-  Meso-scale models: downscale Reanalysis weather data for relative humidity, 
convert into estimate of cloud cover (used in WWSIS) 中尺度模型：通过降尺
度法用天气数据分析相对湿度，折算成云覆盖量 （应用在西部风能太阳
能并网研究中）	
�

•  Short-term (Less than multiple hour forecast horizon):短期 （数小时之内的预测）	
�

-  Persistence of cloudiness 云层持续性	
�

-  Statistical methods using real-time output from multiple monitoring stations 基
于多个观测站实时数据的统计方法	
�

-  Motion vector forecasts (MVF) 运动矢量预测	
�

-  On-site sky imaging 现场天空成像	
�

10 



Management of short-term variability ���᠋᠌᠍᠎﻿
短期波动性管理	
�
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Source: Data from CAISO 33% Base 

•  Flexible resources manage variability around schedules 	
�
     用灵活资源管理波动性	
�
•  Dispatch, Automatic Generation Control (AGC) and Contingency reserves must be 

able to keep system in balance 	
�
    调度、自动发电控制(AGC)和应急备用可以保持系统平衡	
�
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Example of Short-term System Balancing���᠋᠌᠍᠎﻿
短期系统平衡例子	
�

Hour-Ahead 
Schedule 	
�
提前一小时计划	
�

Actual Load 
实际负荷	
�
Load  
Following  
负荷跟踪 

Regulation 
调节 

Net  
Load 
净负荷 

Time Operating hour 
运行时间 
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Example of Short-term System Balancing���᠋᠌᠍᠎﻿
短期系统平横例子 	
�

Hour-Ahead 
Schedule  

Actual Load Regulation 
调节 

Load  
Following 

Regulation covers both minute to minute 
variability and 5-min forecast error 	
�
调节针对分钟级波动和5分钟预测误差	
�

Load following covers both 5-min variability and hour-ahead 
forecast error 	
�
负荷跟踪针对五分钟内的波动和提前一小时的预测误差	
�



Hour-Ahead 
Schedule  

Actual Load 
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Increased Variability and Uncertainty���᠋᠌᠍᠎﻿
增加的变化性和不确定性	
�

Increased 
Regulation	
�
增加的调节	
�

Increased 	
�
Load 	
�
Following	
�
增加的负荷跟踪	
�



Aggregate Variability of Multiple Sites Is Significantly Smoother than 
Individual Sites ���᠋᠌᠍᠎﻿
多个电厂的总体变化比单个电厂变化平滑很多	
�

15 

The lack of correlation in changes 
solar over short time scales means 
that the variability of the 
aggregated multiple sites is 
significantly smoother than the 
variability of an individual site. 	
�
太阳能变化在短期缺乏相关性
是因为多个电厂总体变化比单
个电厂变化要更平滑	
�
 	
�
Five closest sites: 50 – 170 km apart	
�
五个临近的电厂：50-170 km距离	
�
	
�
All 23 sites: 20 – 440 km apart	
�
所有23 个电厂：20-440 km距离	
�

Source: Mills and Wiser (2011) 



Regulation Requirements with Different Deployments and Penetration 
of PV ���᠋᠌᠍᠎﻿
不同光伏应用及比例对调节的要求	
�
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Diverse deployment of PV => regulation increases at 3% of nameplate PV capacity  光伏多种
应用=>调节需求增长了光伏铭牌容量的3%	
�

Source: Navigant 2011  



Load Following Requirements with Different Deployments 
and Penetration of PV���᠋᠌᠍᠎﻿
不同光伏应用和比例对负荷跟踪的要求	
�

! !!!!!!!!!!!!! !!!!!!!!! !

!

!"#

!

"#$"%&'!()#!$*%+&,!%-!.$/0#!12!3&4/#$"#"!-/%*!567!89!,%!:;<!89!-/%*!=$"#!5>!,%!6>?!@)3.#!
,)#!$*%+&,!%-!AB!C##D"!$,!67!89!3&!,)#"#!4$"#"'!

!"#$%&'()*'+,-.'!,//,0"1#'2-3-4"56'7&8$"%&9&15:' ';"15&%<'2-:&'=>?@>'

!

!"#$%&'(A*'+,-.'!,//,0"1#'2-3-4"56'7&8$"%&9&15:' 'B$99&%<'2-:&'=>?@>'

!17 Source: Navigant 2011  



Overview���᠋᠌᠍᠎﻿
概览	
�

•  Distribution System Impacts of distributed PV 	
�

	
�分布式太阳能光伏对配电系统的影响	
�

•  Bulk Power System Impacts 对大电力系统影响	
�

-  System stability 系统稳定性	
�

-  Contribution to resource adequacy 增加电源充裕度Scheduling 
PV generation and forecasting 光伏发电计划和功率预测	
�

-  Managing short-term variability 短期波动性管理	
�

•  Estimates solar integration costs 	
�

	
�估算太阳能并网成本	
�

18 



Integration Costs Associated with Day Ahead Forecast Errors 
日前预测误差导致的并网成本	
�

!

! "#!

!

RESULTS 

$%&'(! )! *+,-*! .+(! /(*0'.123! 12.(3/%.1,2! 4,*.! (*.15%.(*! 6,/! %''! *17! ,6! .+(! *4(2%/1,*! *.081(89!!
:130/(! ;! 1*! %! 3/%<+! ,6! .+(*(! /(*0'.*9! =*! </(>1,0*'?! 2,.(8@! .+1*! *.08?! ,2'?! A0%2.161(*! .+(!
12.(3/%.1,2! 4,*.*! 80(! .,! .+(! </,804.1,2! 12(66141(241(*! 12./,804(8! &?! .+(! 024(/.%12.?! ,6! *,'%/!
3(2(/%.1,29! ! =881.1,2%'! 4,*.*! /(*0'.123! 6/,5! /(30'%.1,2@! 3%*! *0<<'?@! %28! 124/(%*(8! BCD! ,2!
E0&'14!F(/>14(G*!(71*.123!3(2(/%.123!6%41'1.1(*!-%*!2,.!A0%2.161(89!!

!

Table 3: Summary of Solar Integration Costs in $/MWh for Base Case Gas Assumption 

Scenario 
Solar Nameplate 
Capacity (MW) 

Solar Energy 

(GWh) 

Integration Cost 

($/MWh of Solar Energy) 

A 200 626 1.96 

B 400 1044 1.49 

E 400 948 1.25 

C 600 1484 5.58 

F 600 1531 6.06 

D 800 1944 5.15 
!

!

Figure 2: Graph of Solar Integration Costs with trend line 
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•  Solar is a mix of PV and CSP depending on scenario	
�
    各情景中太阳能技术（光伏和CSP）组合比例不同	
�
•  System has peak load of 7 GW, 3-12% penetration on capacity basis               系统峰荷

7GW,太阳能装机容量占3-12%	
�
•  Integration cost is based on day-ahead forecast error 	
�
     并网成本计算基于日前预测误差	
�

	
�

EnerNex Corporation. 2009. Solar Integration Study for Public Service Company of Colorado. Denver, 
CO: Xcel Energy, February 



Integration costs based on increase balancing reserve requirements ���᠋᠌᠍᠎﻿
平衡备用增加导致的并网成本	
�
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20 Source: Navigant 2011  

光伏和分布式发电并网成本	
�

光伏和分布式发电装机容量 （MW）	
�

并
网
成
本
 （

$ 
M

W
h)

 

热耗率	
�

弃电	
�



Estimates of Short-term Balancing Costs are Impacted by Geographic 
Diversity 短期平衡成本预测受地理多样性的影响	
�

21 

Time Scale 

Increased Balancing Reserve Costs ($/MWh) 
Reserves Constant Throughout 

Year 
Reserves Change 

with Position of Sun  

Solar  Wind  Solar  

1 Site 5 Sites 25 Site Grid 

1-min Deltas  $16.7 $4.8 $1.2 $0.9 $0.8 

10-min Deltas $17.3 $4.4 $1.0 $0.2 $0.7 

60-min Deltas $5.0 $1.6 $0.6 $0.5 $0.5 

Total Cost $39.0 $10.8 $2.7 $1.6 $1.9 

Example costs based on 
10% penetration of 
solar or wind on 
capacity basis 案例
中的成本测算基于
太阳能或风能占总
装机容量10%的情况	
�

Why are solar and wind 
costs comparable?  
为什么风能和太阳
能的成本是可比的？	
�

Reserves can be held in 
proportion to clear-sky 
insolation for solar 
太阳能所需备用可
以按晴天太阳辐射
水平安排	
�

Reserves assumed to be 
held at same level all 
year for wind风能所
需备用假设在全年
保持同一水平	
�

These costs address only short-term variability and do not include many other costs and benefits 
associated with solar and wind 这些成本仅考虑短期波动性，不包括风能和太阳能的其他成
本和收益	
�

Cost estimates are developed using simple approximations and are only meant to illustrate relative 
changes in cost 成本估算应用简单的近似值，只反映成本的相对变化	
�

Source: Mills and Wiser (2011) 
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