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摘要：电力体制改革需伴随新的可靠性管理模式，上海市电力公司和华东电网公司尝试在可靠性管理中引入全寿命周期成本（LCC）管理这一个先进的理念，通过500KV斗山变电站改造和泰和变电站GIS设备的工程决策这两个试点项目研究，成功地将LCC理念与电网设备的可靠性管理予以有机地结合，探索出一种在市场化条件下设备管理的新模式。本文介绍了LCC管理的基本涵义及其历史演革，在电力系统的应用情况及在变电站改造工程决策的实践，期望这种新的理念和方法得以不断地改进和推广，促进我国的电力工业进步。
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1  概述

全寿命周期成本（Life Cycle Cost）管理是从设备、项目的长期经济效益出发，全面考虑设备、项目或系统的规划、设计、制造、购置、安装、运行、维修、改造、更新，直至报废的全过程，使LCC最小的一种管理理念和方法。LCC管理的核心内容是从一开始就把工作做好，对设备项目或系统进行LCC分析，并进行决策。

LCC概念起源于瑞典铁路系统，1965年美国国防部研究实施LCC技术并普及全军，之后，英国、德国、法国、挪威等军队普遍运用LCC技术。

1999年6月，美国总统克林顿签署政府命令，各州所需的装备及工程项目，要求必须有LCC报告。没有LCC估算、评价，一律不准签约。同年，以英国、挪威为首组建了LCC国际组织，由50个国家、地区参加。该组织为保护参加国购置装备的经济利益，要求设备、工程中间商、推销商为买方提供LCC估算。将LCC技术运用于电力系统仅有少数几个发达国家，较集中的是美国和瑞典，该项技术在电力系统的应用在国际上是前瞻的。

美国将LCC管理的方法首先应用于核电站，因为核电站建设是以可靠作为优先考虑因素，因而在可靠性的基础进行LCC管理，更具必要性和紧迫性。在此基础上，再将该项技术推向了发电机、大型变压器、励磁机、低压输配电系统、仪用空气系统。加拿大和欧洲一些国家将LCC管理和可持续性发展结合起来，偏向于电力系统中的绿色能源，在计算成本时考虑了环境的影响。来自制造厂的专家也提出LCC管理方法在高压开关、变电站方面的应用，因而，LCC管理方法在电力系统中有逐渐推广应用之势。

在电力系统推广应用LCC管理有其特点，对系统的可靠性和部件失效的分析，以及失效引起的损失的评定，是开展该项工作必不可少的步骤。以中国江苏地区的斗山500KV变电站技术工程为例，LCC管理主要包含以下工作：

（1） 根据技术要求，确定不同的布局，以多个备选方案作比较；

（2） 不同方案下的LCC；

（3） 不同方案下的可用率；

（4） 不同方案下的风险；

（5） 确定预期的各种变电站扩展计划或更新计划；

（6） 在满意的可用率和可接受的成本之间，找到最佳平衡点。

上述过程可以用图1表示。
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图1  变电站改造的LCC管理工作过程

对于已投入运行的设备，要进行LCC管理，就要采集运行数据进入数据库，故障时间和检修后恢复时间都要进行记录，包括故障原因、计算检修成本，而这时的LCC决策演化为对现有设备的维护、更新或改造及优化的方案取选，衡量的基本方法也是以可用率和LCC为依据，而辅助工具包括专家和经验估计、运行中的事故记录报告、事故的统计数据、事故模型等。

2  以LCC理念进行可靠性管理的探讨

全寿命周期成本（LCC）管理是在满足可靠性要求的基础上，使设备和系统寿命拥有成本最低的管理。电力系统的LCC管理是一种在可靠性及寿命管理的基础上，其经济效益最终归纳为财务成本及产出的管理方法。

设备的全寿命周期成本在设备的选型及设计阶段已大部分确定（70%以上），而对电力系统的设备来说，设备故障引起的损失占成本中较大的部分，因而，在设备设计选型时就考虑可靠性因素，把可靠性管理前移到设备的起始阶段。可靠性管理的重点提前到设备或系统的规划设计和基建采购阶段，科学地从设备寿命的整个周期内来考虑可靠性对整个寿命周期内成本的影响，从一开始就把可靠性管理工作做好，必然大大推动可靠性预计技术在电力系统的应用，也必须促使设备制造商加强对其产品可靠性的跟踪与反馈，在产品设计制造过程中更进一步提高可靠性。

这项工作无论是对在市场化条件下企业的长期发展及整个社会资源的合理科学配置与应用，都具有积极的意义。尤其是当前，提供科学发展观，提倡可持续发展，更是为以LCC理念进行设备可靠性管理奠定了理论基础。

3  以LCC理念进行可靠性管理的实践

LCC理念用于电网可靠性管理的一个成功实例是江苏斗山500KV变电站改造的工程实践。

江苏斗山500kV变电站是80年代华东电网500kV淮沪、徐沪输变电工程中的六座枢纽变电站之一，是安徽的电力往上海输送的主要通道，随着华东电网500kV网架日益密集、地区大机组相继投产，华东500kV主环网各枢纽变电站500kV母线短路电流大幅上升，威胁电网安全，影响电网的发展。为此，华东电网有限公司开展了对斗山站500kV设备的整体改造。如何选择老变电站整体改造的时机，是采取其他临时措施缓和短路电流超标问题，待设备使用达25年或更长时间接近寿命极限后再更换，还是采取整体改造的方案，使变电站有一个根本的改观，是值得仔细研究的问题。
华东公司在项目管理中采用LCC管理理念，主要反映在： 

1） 以全寿命周期角度来制定技术改造方案。

技术改造方案是项目实施的源头，方案的决策是否正确，直接影响改造项目全寿命期的安全性、经济性，改造范围和改造时机的选择都以全寿命周期管理理念做指导。

2）较好的投资性价比是工程投资合理性的关键点。在设备选型中，对产品寿命长的电气主设备坚持选用可靠性好、具有先进工艺、在500kV变电设备长期运行中有产品质量好口碑的设备。对运行寿命较短的微电子产品，采用国内成熟性价比好的产品，使设备在寿命期内，可靠性高，运维费用少，达到很好的投资性价比。
3）把好改造项目设备的选型关。华东电网的安全稳定运行，输变电设备是基础。变电设备的造价中，以500kV隔离开关为例，在工程中设备的价格约占65％，安装等其他费用约占35％，往往选用合资和国产设备的设备造价相差10～20％，如果使用寿命相差一半，甚至使用5年后需更换，增加的运维费、停电时间以及更换时的再次投入，造成的浪费和损失远远大于选型可靠性好的设备。

4）采用全寿命周期成本方法进行500kV变电站改造经济评价方法研究，为将来老电站的改造提供了经济性评价的程序，为确定技术改造效益有一个定量的分析。

LCC理念用于电网可靠性管理的另一个成功实例是泰和变电站220kV GIS设备的工程决策。

上海市电力公司领导对开展设备LCC管理十分重视，组建了以公司主要领导为研究项目负责人的项目领导小组，并指出为确保公司可持续发展，强化以可靠性为中心的设备管理，降低综合成本，提高公司整体效益，引入国际先进理念与方法，开展全寿命周期管理工作的研究。

为了探索LCC管理及上海电力系统应用方法，公司选择了泰和变电站220kV GIS设备的工程决策（大修、改造或更新）实例作为项目研究的试点，公司组织了LCC试点项目《泰和变电站220kV GIS设备的LCC模型和计算》的技术攻关，由生技部牵头，和日本三菱公司进行了多次有关大修和扩容改进方案的询价及技术探讨，召集有关部门、超高压公司、设计院和电力研究所各专业人员进行了多次专题讨论，完成了《泰和变电站220kV GIS设备的LCC模型和计算》的技术报告，对三种方案在风险成本、一次投入、运行维护成本、故障率和GIS的运行寿命等各方面进行了分析，并引用了部分国际上GIS的运行统计数据，为GIS的LCC计算建立模型，得出三种方案的全寿命周期费用，为最终决策提供了科学依据。

泰和站220kV GIS设备系日本三菱公司产品，包括9个间隔（进线6回、母联1回、压变避雷器2回）。断路器型号为：200-SFLT-32A，额定开断电流31.5kA。母线闸刀：200-GR，线刀：200-GR，接地闸刀：200-GRE。

该设备1978年出厂，1982年投用，运行至今操作200多次，均为正常电流切断操作，根据制造厂维护说明书要求，大修年限为12年。由于该型设备运行情况较好，加上制造厂原规定大修年限为12年，在当时 也缺乏统计依据，因而在该设备运行年限满12年之后，有关检修和运行各方曾对此设备是否要大修进行过专门讨论。根据当时的设备状态和运行操作次数，再考虑到大修对设备的风险及费用，最终结论是不对该设备进行大修。

由于系统容量的扩展要求及GIS本身状态评估要求，需要对这一已运行20多年但尚未大修过的设备作出决策，到底是大修、改造扩容还是更新，在满足可靠性的基础上使LCC最小。

大修、技术改造或更新备选方案的选择，需考虑设备容量发展要求、设备制造商维护说明要求及设备本身状态情况等因素，据此进行综合分析比较。从LCC管理角度讲，设备维护更新费用的节省与否与电网本身的安全可靠程度有紧密联系，在此，必须引入“惩罚成本”（即故障停运成本）的概念。“惩罚成本”包括停运产生的直接经济损失和间接经济损失，对于电力系统的LCC来说，惩罚成本往往大大高于维护成本，因而，各种备选方案都应计入惩罚成本的影响。停用成本的确定成为将LCC理念与可靠性管理结合起来的关键。

停运成本可分为直接成本和间接成本。直接成本是停运概率、停运持续时间和平均停用功率、停运后维修成本的函数，它计算的是由电量损失而引起的直接经济损失。

停用成本不但与本身的停用有关，还与其它分支的停用有关，所以影响停用成本的因素包括网络构造形状、网络组成部分的可靠性、开关的位置和可靠性等有关。我们注意到，在有冗余设备的线路中，停用损失可以为0，单点设备故障可快速隔离，其供电负荷可由另一冗余设备来提供。

为确定三种方案的可靠性变化而引起的故障成本的变化，引进了国际大电网会议（CIGRE）的资料，其中有关GIS的故障率统计曲线为故障率的确定提供了参照依据，故这里的故障成本计算，参照全样本数的曲线，如图2所示。
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假定该GIS的浴盆曲线形态，满足全样本曲线的规律，只是在拐点处向后移到30年处，则可从计算曲线下面积着手，算出在超统计寿命期内的故障率变化。

由图2曲线可得y=0.0046x2-0.0659x+0.7171算式，并从故障曲线可以看到，
图2  GIS全样本数的故障曲线

拐点出现在第10年处，在第10年后曲线开始向上弯曲，但弯曲的程度非常小，整个曲线在10～15年内还是落在1.00范围内。亦即，即使GIS过了30年的寿命期，其故障率的变化还是相当平缓的，将上述曲线用二次方程进行回归后求得曲线方程，再从第30～35年内曲线下面积增量为ΔS=16.97次/（102×仓），折算到每年每仓为0.034次，假定每仓故障都引起停电，则按直接停用成本方式计算：ΔCF=0.035×5×9×11.72=17.93万kW·h。由此，建立了可靠性和成本之间的量化关系。

在本例中，我们可发现，当设备的可靠性或系统的可靠性是和投入成本成正比时，建立可靠性和成本的量化关系可以为设备或系统的投资决策提供依据，因而以LCC理念进行可靠性管理另一个附加好处就是提供了量化依据。我们会很自然地得到结论，对于位置重要，停电后影响面广，故障成本大的设备其可靠性要求必定要高，但到底做何种投入才是最有效的呢，在此时，可靠性和成本之间在量化方面的平衡就显得极为重要。

在实际成本计算中涉及许多其它因素，因而对三种方案中进行了多重敏感性分析，包括：设备价格变化灵敏度分析、人民币利率变化灵敏度分析、规划变化灵敏度分析、外汇汇率变化灵敏度分析等等。

经过技术攻关，最终得出的结论为采用改造扩容方案在可靠性，规划风险等方面有利，为工程的实际决策提供了依据。该工作的另一个重要之处是为上海电力公司开展LCC管理研究提供了一个参照样板。

4  结语

（1）以LCC理念进行可靠性管理是我国电力体制改革后一种新的电力可靠性管理的模式和方法，这种方法虽然在电力系统处于尝试性阶段，但由于其先进性和合理性，必然会具有较强的生命力。

（2）LCC理念和可靠性管理的有机结合，为可靠性管理提供了量化平衡方面的途径和方法，必将为细化可靠性管理创造条件。

（3）以LCC理念进行可靠性管理的关键点是在从一开始就把工作做好，将可靠性管理前伸到设备的规划、设计、采购、基建阶段，使之设备的选型采购更为科学合理。在此，传统的最低价中标概念将受到挑战，只有总体成本最小的方法进行决策才符合科学发展观。
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Theoretical Study and Practice in Power System on Reliability Management with LCC Concept
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Abstract: Restructuring of power system needs progressive management. Shanghai Municipal Electric Power Company and East China Electric Power Grid Company, Ltd introduced life cycle cost (LCC) management concept into power system reliability control. By pilot study of GIS equipment retrofitting engineering decision for Taihe 220KVSubstation and Dou Shan 500KV substation, the Companies succeeded in combining LCC concept with reliability of network equipment and worked out a new method of equipment management in China power industry under market economy.
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1  Introduction

The concept of life cycle cost management covers the total life time of equipment or
system from very beginning to end(from cradle to tomb), including the phases of planning, designing, manufacturing, purchasing, installation, operation and maintenance, refurbishing, retrofitting and retiring. The core concept of LCC management lies in the fact that the decision is made from the very beginning period (which decides above 70% costs of total life time) of the system or equipment to control the life cycle cost to minimum.

Life cycle cost analysis has been used in many fields, including national defends, architecture and various industry. Recently, it has been introduced into electric power industry, most frequently, in nuclear power stations, where high reliability and availability are needed. Further, it also finds applications in electric power generators, large power transformers, exciters, electric power transmission and distribution system and etc.

Life cycle cost management is well combined with the concept of sustainable development. In calculating the cost of a power generation project, it is usually consider the cost due to the impact to environment. Specialists from power equipment manufacturers, such as ABB and Siemens, also use the LCC concept in designing and manufacturing high voltage switchgears, transformers and etc.

Hence, the concept of LCC management has been gradually accepted by the electric power industry.

While in introducing LCC management to the power industry, many features should be noticed. Among them, the evaluation of power system reliability and its fault result analysis as well as the loss caused by power failure is of paramount important.

Now take a newly retrofitted substation as an example. The Duo shan 500KV substations is located in Jiangsu Province of China, it is one of the six major 500KV substations of East China electric power grid. The substation was put into operation in 1987 and needs to be retrofitted to increase short current capacity from 50KA to 63 KA, During the  retrofitting the LCC management performed by East China Power Grid Company  covered following aspects:

(1) Select different layout of equipment and scope of retrofitting in accordance with meeting the technical specifications of the substation, preparing multi-solutions for system design;

(2) Calculate the life cycle cost of each solution;

(3) Evaluate the availability of each solution;

(4) Estimate the uncertainty or risk of each solution to system;
(5) Consider expected future substation expansion and refurbishment;

(6) Find the balance point between satisfactory availability and acceptable cost;

(7) Make final retrofitting decision according to LCC calculation.
The above process may be expressed in figure 1:
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Fig.1 LCC management process for Jiangsu 500KV substation of China
As to the equipment currently in operation in Duo Shan substation, the LCC management requires that many post-operation data be collected and stored in data warehouse, that fault period duration and maintenance hours be logged in computer, including the cause of fault, the cost for repairing and the cost of end customers suffered from the outage of electric power.

At that period, the main task of LCC management is to decide whether to keep the present equipment still in normal operation, or need some maintenance with equipment in service, or even isolate the equipment from system to have an overhaul. More often, to some equipment, which has already been operating for quite a long period, the owner has to decide whether the equipment needs to be repaired, retrofitted or refurbished and even to be replaced with the help of LCC calculation. At that process, some auxiliary aid, such as the advices from expertise, the experience accumulated, the reported fault and fault model will be needed in LCC evaluation.

2 Discussion on reliability control combined with LCC management

LCC management used in electric power system is based on reliability management together with the life cycle cost management.

 LCC of equipment or system will be largely decided (70% or above) during design stage. To the equipment used in electric power system, the cost induced by the fault or power system failure and hence the outage loss accounts for a major part. Therefore, in the designing stage of selecting the type of equipment, the owner needs to consider the reliability factors. It means that the reliability management of equipment is moved forward to the very beginning of design stage. In design stage and procurement that followed, the LCC management put the stress on the impact of reliability and availability of equipment and turns these impacts in the form of cost and thus quantifies the cost incurred by outage loss caused by equipment fault or system failure.
Combining life cycle cost management with reliability control in process of designing stage and procurement makes the reliability control start in the early stage even before the equipment is purchased. Controlling the reliability management well from the very beginning is the slogan for LCC management adopted in the field of China’s electric power system. As a result, it will greatly enhance the application of reliability growth technique in power industry, and also, it will encourage the manufacturers to strengthen their track and feedback to the performance of their products sold. Positively, they will improve the reliability of their products in the process of design and manufacturing to meet the needs of their customers according to the feedback information they have got.

The LCC management has a significant importance to the enterprises in the long-term development under the market economy. It will also promote the rational distribution of natural resource and sustainable development. Sustainable development concept introduced has laid the foundation for the LCC management in electric power industry.

3 Practice on LCC management in power industry
The manager layer of Shanghai Municipal Electric Power Company paid much attention to the LCC management on their equipment and organized the research group headed by the major leaders of the company. It was convinced that to make the sustainable development of the company, to strengthen the equipment management centered by reliability control, to reduce the overall cost and to increase the net profit of the Company, it is essential to introduce the advanced management concept and carry out the systematic LCC management within the whole Company .


For the initialization of LCC management within the company, the research group selected the 220kV GIS equipment of Taihe Substation as the pilot study project. It was an engineering decision of practical use-case that LCC management was performed in selecting three different alternatives among overhaul, retrofitting and retirement (replacement) of major equipment of a high voltage substation according to LCC calculation.

Prior to the engineering decision for Taihe substation, three alternatives were proposed. The first proposal was to have an overhaul of GIS system and later continue operation until its lifetime; the second proposal was to enlarge its capacity during overhaul to meet the growing electric short-current needs of system, and the third proposal was to replace the current one with a new one, which has a larger short current capacity. After some heated discussion and technical consultancy with the manufacturer of GIS equipment, the LCC research group successful conducted the Taihe Substation GIS equipment LCC modeling and LCC calculation provides the solid ground for making the best choice among above three alternatives.
Hereunder is the detailed description. The 220kv GIS equipment of Taihe Substation was the early product of Mitsubishi Company of Japan. It was shipped in 1978 and was put into operation in 1982.The system has 9 bays and with its rated short current switch capacity of 31.5kA.Within the past 23 years in operation, the system had been switched on and off for more than 200 times under the rated current.

According to the users' manual provided by the manufacturer, the interval of overhaul would be 12 years, when the time of 12 years operation was due, a careful check for the condition of system was performed and a conclusion was made. Thanks for the good operating condition and a very few number of switching time, it was no need to make an overhaul at that time. The system had been kept in operation for 21 years up to 2003.

With the rapid development of power industry in Shanghai, it was estimated that the switching short current may exceed 31.5kA for the Taihe Substation, there was a requirement for increasing the rated switching current, and further more, to a system operating for more than 20 years without single overhaul, there is also a need to make careful and through investigation to decide whether an overhaul or retrofitting is needed.


Therefore, three possible solutions hereunder to be verified with LCC decision:

Solution 1

Arrange an overhaul in 2005; maintain the switch capacity 31.5kA unchanged. In 2010,repalce the GIS with a new one with switch capacity 50kA to meet the possible needs of increasing switch current of system.

Solution 2

Arrange an overhaul in 2005.during overhaul, make a retrofitting to increase the switch capacity to 40kA.Then keep the system operation until 2017.The former GIS system will be operating for 40 years at that time. Then replace it with a new one with switch capacity 50kA.

Solution 3

Directly replace the existing GIS with a new one with rated switch capacity 50kA to avoid the second investment as mentioned in the above two solutions.
The life cycle cost for above solutions was calculated by following model:

LCC=CI+CO+CM+CF+CD

Where:

LCC---- life cycle cost

CI----- investment cost

CO----- operation cost

CM----- maintenance cost 

CF----- outage or failure cost

CD----- disposal cost


From the above LCC formula, outage or failure cost is closely related to reliability and availability of equipment. Sometimes the failure cost is also called as "punishment cost". It includes the direct power loss caused by the outage as well as end users’ indirect loss suffered from sudden stop of production, such as the stop in production line and reduces the output of the products of a factory.


As to the electric power industry, some times, the cost of punishment is far more large than cost of maintenance. Thus, how to accurately calculate the cost of outage becomes the key issue of LCC calculation.


The direct loss of outage cost is a function of following factors: Probability of outage;
Duration of outage; 
Mean outage capacity loss;
And the cost for repairing/recovering the system. 

What makes the calculation of outage cost more difficult is that, the outage cost is not only related with the failure system itself, but also related with sub-system nearby. The factors affecting the cost include the topology of network, reliability of system, the position of switches and their reliability.
 In some special cases, we noticed that the direct outage cost could be zero if some redundant lines were provided. The single point fault could be isolated from system and its load could be switched over to redundant lines.


In order to calculate the different failure cost of above mentioned three solutions, the research group introduced statistic figures prepared by the CIGRE in investigating the failure rate of different GIS system. The failure rate calculation is in accordance with the curve illustrated in figure 2.It is drawn with all sample investigations of GIS system with voltage level in between 200～300kV.


Figure 2 Bath-tube curve between age and failure rate


Figure 1 shows the bath-tube curve between age and failure rate. By calculating the area under the curve, we can work out the total failure rate during the lifetime of GIS equipment, aided with mathematic regression; we transfer the curve into a formula hereunder:

Y=0.0046xˆ2-0.0659x+0.7171


By integral Y at required section, we can get the failure rate at designated time intervals. Suppose each failure causes outage and each outage causes mean loss of electric power up to 117200kw·h(statistic figure in year 2003 in whole China), together with price for each kw·h of electricity, we can easily calculate the cost of each outage.


Thus we have established the relationship between availability and direct cost.


In this case, we find that, when the reliability of equipment is proportional to the initial investment, it is essential to establish the quantity relationship between cost and availability. This quantity relationship, together with the way to determine this relationship, will provide the quantity base for engineering decision and balance the initial cost and future input. Therefore, by implementing the LCC management, we can get an additional benefit that we can make decision by LCC calculation and select/control the LCC to minimum.


Naturally, we can get the conclusion that for those substation located in important points and have very severe influence in case they are out of service, higher reliability will be needed. To what extend that higher reliability will be? Balance examed by LCC calculation between cost and availability will provide the right answer.


In practical life cycle cost calculation, there are also many other factors influencing the final results. During the LCC evaluation, sensitivity analysis was performed to check other factors contributing to LCC. There are the variations of equipment price, the change in interest rate of money, the exchange rate between foreign currencies and the future change in electric short current of system planning.


On careful studying and detail calculation, we got the final result to show that second solution was the best choice as indicated by LCC being the least. The pilot case here has not only provided the solution to Taihe Substation for engineering decision, but also set up an example for the LCC management in Power Company.

4   Conclusion

(1) Reliability control combined with LCC concept is a new method introduced in electric power industry of China. With its advanced concept and scientific analysis method, the research results showed there would be better understanding of quantity control between availability and the investment cost.

(2) The key concept of LCC management lies in the fact that we need to do the work better from very beginning and move forward the reliability management to the stage of designing, planning and procurement of equipment. Only that equipment with least total life cycle cost will be the best selection of customer, not only the initial price alone.
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